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COVER CAPTION

Aerial photo~aph of Suis~ Bay, San Francisco Bay-Delta Estuary, looking
upstre~ (east) of Martinez, California. Re photograph was taken on the
mo~ing of J~y 14, 1978, approx~ately during hi~ slack tide in Suisun Bay
and illus~ates turbidity patchiness characteristically observed in Suisun Bay
resulting from wind and tidal resuspension of particulate material being
transported by tidal and estuarine circulation.
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FO REWORD

This report presents the findings of a study conducted by the Water and Power
Resources Service (formerly the Bureau of Reclamation) during the summer of
1978 in Suisun Bay, San Francisco Bay-Delta Estuary, California. The Water and
Power Resources Service (Service) is a member of the Interagency Ecological
Study Program (4-Agency). This program consists of the Service, the California
Departments of Water Resources (DWR) and Fish and Game (DFG), and the U.S. Fish
and Wildlife Service (FWS). Information obtained in this and other 4-Agency
studies is being used to evaluate the effects of present and proposed Central
Valley Projects (CVP) and State Water Projects (SWP) operations on the Delta
environment.
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ABSTRACT

A study conducted during the summer of 1978 in the upper San Francisco
Bay-Delta Estuary of California further supported.the theory that phytoplankton
standing crops are highest when the entrapment zone (an area where peak suspen-
ded materials concentrate as a result of two-layered flow circulation) is
adjacent to the expansive shallows of Suisun Bay. The photic zone in the
shallows of Suisun Bay constitutes a greater percentage of the total depth than
in the channels. Also, wind and tidal mixing distribute the phytoplankton more
uniformly throughout the water column in the shallows than in the deeper
channel areas. Consequently, phytoplankton spend more time in the photic zone,
and growth rates are higher in the shallows. Because of the longer residence
time in the entrapment zone, large phytoplankton standing crops have the
potential to concentrate. The entrapment zone was maintained in Suisun Bay from
approximately mid-July through October 1978 by regulating Delta outflow through
operational control of the Federal and State Water Projects. The phytoplankton
standing crop in the entrapment zone and adjacent shallows increased substantially,
to peak values of about 60 ug/L, a few weeks following movement of the zone
into upper Suisun Bay. Peak chlorophyll levels in the entrapment zone and
adjacent shallows remained about 60 ug/L or greater during the study and were
approximately ten times higher than upstream or downstream concentrations.
Also, inorganic nitrogen became limiting in areas of peak concentration from
the time of the initial peak, unti! the end of the study in the fall. Maximum
phytoplankton concentrations occurred when the tidally averaged position of the
entrapment zone was in the vicinity of Honker Bay (upper part of Suisun Bay).
Delta outflows of approximately 140 to 230 m3/s (5,000-8,000 ft3/s) were
required to maintain the entrapment zone in this location. Forty-one species
of phytoplankton (at the 20 cell/ml detection level) were identified in the
study, with the diatom Thalassiosira excentricus being the most numerous and
frequently occurring phytoplankter in the study area. At the Delta outflow
range studied, preliminary evidence indicates the settling rate of T. excentricus
is nearly equal to the theoretical average net upward vertical water velocity
occurring in the channel occupied by the entrapment zone. Downstream of the
zone where the net upward vertical water velocity has been calculated to be
greatly reduced, T. excentricus apparently settle into the upstream-flowing
bottom layer and are returned to the entrapment area. This settling-vertical
velocity relationship is hypothesized to be the mechanism by which these
organisms are concentrated in the entrapment zone. The decrease in inorganic
nitrogen (nitrite, nitrate, and ammonia) to phytoplankton-limiting levels
(<0.02 mg/L) was inversely related to increased chlorophyll levels and limited
the maximum standing crop. Silica depletion by diatoms was estimated to be
about 12 mg/L. Although dissolved silica in the water column was depleted to
as low as 1.2 mg/L, it is uncertain at what levels silica limits the diatom
growth rate. The entrapment zone was observed to move upstream and downstream
throughout the study in response to tides and changes in outf!ow. Peak concen-
trations of chlorophyll, along with minimal concentrations of inorganic nitrogen,
and orthophosphate occurred in waters with specific conductances ranging from
approximately 5 to 14 millimho/cm (3-8 °/oo salinity). Chlorophyll concentra-
tions tended to build up near the bottom, upstream of the surface chlorophyll
peaks. Comparative measurements of chlorophyll throughout the study area
indicated concentrations vary considerably throughout Suisun Bay. The results
of this study suggest that the phytoplankton standing crop in Suisun Bay can be
regulated, within water availability limits, by manipulating Delta outflow to
optimize the entrapment zone location.
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SIGNIFICANT FINDINGS

An evaluation of the data obtained in this study resulted in the following
findings:

I. Evidence evaluated in the present study and earlier studies indicates the
following. The photic zone in the shallows of Grizzly and Honker Bays constitutes
a greater percentage of the total depth than in the channel areas. Wind and
tidal mixing in the shallows distribute the phytoplankton more uniformly
through the water column than in the deeper channel areas. Because phytoplankton
in the shallows spend more time in the photic zone, avai!able light (combined
solar radiation and water transparency) is less limiting for phytoplankton
growth rates in the shallows than in the channels. Also, there is a longer
residence time of particulate materials in the entrapment zone, and large
phytoplankton standing crops have the potential to concentrate. Cqnsequently,
the location of the entrapment zone (area of peak suspended materials concentration)
in and adjacent to large, shallow, well-mixed embayments is a major factor
concentrating specific diatoms where high growth rates occur and stimulates
the production of a large phytoplankton standing crop.

2. The phytoplankton standing crop in the entrapment zone increased substan-
tially during the study, apparently in response to movement of the zone into
Suisun Bay. Peak chlorophyll levels were approximately 60 ug/L or greater in
the entrapment zone during the 3-months duration of the study, as compared to "
"pre-study" and to adjacent upstream and downstream chlorophyll concentrations
during the study of I-6 ug/L. The maximum chlorophyll level observed during
the study was 85 ug/L.

3. Inorganic nitrogen was reduced to less than 0.02 mg/L (N) (phytoplankton
growth rate limiting concentrations) in the area of peak chlorophyll concen-
tration as the result of phytoplankton growth.

4. The entrapment zone moved throughout the study area in response to changes
in tide and Delta outflow.

5. Forty-one phytoplankton species were identified as occurring in the study
area. Thalassiosira excentricus (synonymous with Coscinodiscus decipiens), a
centric diatom, was the predominant phytoplankter observed in the entrapment
zone. T. excentricus was the most numerous phytoplankter observed (approxi-
mately 90 percent of the cells counted) and was present in over 97 percent of
the samples enumerated. Its distribution generally corresponded to measure-
ments of chlorophyll distribution in the area. Settling rate data collected in
this and earlier studies, although preliminary, indicate that the settling rate
of T_i. excentricus is nearly equal to the maximum net upward vertical velocity
in the water column (as determined by mathematical modeling). The settling of
~. excentricus from the downstream-flowing surface layer into the upstream-
flowing bottom layer is the theorized mechanism by which these organisms are
concentrated in the entrapment zone.

viii
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6. On high slack tides, peak bottom chlorophyll levels were often observed
upstream of the surface chlorophyll peaks. The chlorophyll buildup near the
bottom generally occurred following the chlorophyll increase near the surface,
suggesting that estuarine circulation regulates distribution.

7. High chlorophyll concentrations, as well as the lowest inorganic nitrogen
and orthophosphate levels, were observed in water with specific conductances of
approximately 5-14 millimho/cm (3-8 °/oo salinity)¯ Highest chlorophyll
levels were observed in water with specific conductances of approximately 10
millimho/cm ¯

8. Highly~variable turbidity and chlorophyll plumes were often observed
throughout Suisun Bay. The plumes are thought primarily to result from wind
and tidal mixing and/or resuspension of particulate materials being transported
by tidal and estuarine circulation throughout the area.

was no indication of dissolved oxygen depression during the study.9. There
Dissolved oxygen levels in 1978 were always greater than 90 percent saturation.

10. AS the phytoplankton standing crop increased during the study, dissolved
silica levels in the entrapment zone were depleted to 1.2 mg/L. Silica deple-
tion by diatoms was estimated at about 12 mg/L; however, it is uncertain at what
level silica begins to limit the growth rate.

11. The relationship between in vivo chlorophyll fluorescence and extracted
chlorophyll ~ concentration is good; r=.92. In vivo fluorescence appears to be
an expedient method for defining the distribution of the phytoplankton standing
crop in the Suisun Bay area.

12. Data collected in this and earlier studies suggest that phytoplankton
levels in the Suisun Bay can be regulated, within water availability limits, by
manipulation of Delta outflow. However, other environmental factors such as
light and nutrient deficiencies may limit the standing crop. Delta outflows of
approximately 140-280 m3/s (5,000r8,000 ft3/s) were required to maintain
the entrapment zone location in Honker Bay, the location which appears to
maximize the phytoplankton standing crop in the Suisun Bay area.

ix                                                              !
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RECOMMENDATIONS

Based upon the results of this study, the following recommendations should be
considered:

I. The entrapment zone is an extremely important feature in estuaries. In
the Suisun Bay, maximum concentrations of inorganic suspended materials,
phytoplankton, Neomysis, certain other zooplankton, and juvenile striped bass
(as well as other organisms) occur in the entrapment zone. If additional
definitive information is required, water quality and bio!ogical monitoring
programs in the upper San Francisco Bay-Delta Estuary should be of an intensive
nature in the general area of the entrapment zone. Monitoring stations estab-
lished throughout this area to study the entrapment zone should be flexible to
reflect spatial changes of the zone with outflow.

2. River and tidal flow influence estuarine circulation in Suisun Bay and can
greatly influence the distribution of suspended materials. Therefore, it is
important to determine the representativeness of sample sites, especially the
biota, while conducting studies in this area.

3. Chlorophyll levels increased in Grizzly Bay prior to developing in the
channel areas of Suisun Bay. If more definitive biological models are to be
constructed, further studies should be conducted to determine how tidal
exchange between the shallow areas of the Suisun Bay and the river channel
influence the accumulation of suspended materials, including biota, in the
entrapment zone in different areas at varying Delta outflows.

4. The location of the entrapment zone appears to be a significant factor
influencing the phytoplankton standing crop in this portion of the estuary.
Several hypotheses have been presented as to the mechanisms regulating the
phytoplankton standing crop in Suisun Bay. Preliminary data suggest that the
settling rate of Thalassiosira excentricus, relative to the upward net vertical
velocity, may be an important mechanism by which these organisms predominate
throughout the study area. Specifically, if more definitive biological models
are to be constructed, phytoplankton settling rate and calculations of water
velocity measurement studies should be conducted to further evaluate this
hypothesis.

5. The entrapment zone and its influence on other ecologically important
organisms not measured in the present study, sediment shoaling, and the
accumulation of heavy metals and pesticides should also be considered.

6. Thus far, chlorophyll levels up to 100 ug/L in Suisun Bay have not had any
measurable deleterious effect on the Suisun Bay environment. Conversely, the
low Delta outflows the 1976-77 resulted induring drought a significant
reduction in phytoplankton (as well as other biota) levels in Suisun Bay when
the entrapment zone was upstream of Honker Bay. Consideration should be given
to determining what level of phytoplankton standing crop will enhance overall
estuarine productivity without causing deleterious effects.

x
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GLOSSARY

Aggregate. Materials aggregate when they collect in clumps.

Entrapment zone. An entrapment zone is an area (or areas) in an estuary where
suspended materials (including certain biota) accumulate. Net upstream
transport of the particulate materials that settle into the bottom density
current is nullified by the net downstream transport of materials in the river
inflow.. As a result, certain suspended materials concentrate in the area
where the bottom current is nullified. The entrapment zone location varies
with river inflow and tide and has its upstream boundary theoretically in the
area of the null zone. (See section on theoretical concepts.)

Estuarine circulation (also termed two-layered flow and gravitational circulation).
Estuarine circulation generally refers to the net nontidal flow patterns
resulting from less dense fresh water interacting with the more dense ocean
wate r ¯

Flocculate. Materials flocculate when they collect in small clumps to form
larger particles. In water, flocculation is induced by increased salinity,
causing neutralization of partical charges which allows particles to come in
contact with each other.

Growth rate. The growth rate is the rate of increase or decrease in a partic-
ular population of organisms.

Inhibiting growth. A substance or physical factor is inhibiting growth when an
excessive level interferes with and slows or stops the rate of growth.

In Vivo fluorescence. The fluorescence of a compound, such as chlorophyll,
which occurs in live organisms.

Limiting growth. A substance or physical factor is limiting growth when its
absence, or presence at a lower than required leve!, slows the growth rate.

Mixing zone. The mixing zone is that area of an estuary extending from the
fresh to salt water boundary where mixing of fresh and salt waters occurs.

Null zone. The null zone is an area in a two-layer flow estuary in the lower
half of the water column where river inflow nullifies the landward flowing
density current. This zone refers to net flow patterns and extends across the
width of the channel from the plane-of-no-net-motion to the bottom.

Photic zone. The photic (euphotic) zone is that portion of the water column
where algal photosynthesis exceeds algal respiration. Averaged out over the
full period of a day, this zone generally extends to a depth where the amount
of light entering the water’s surface has been reduced to about one percent.

Plane-of-no-net-motion. The plane-of-~o-net-mot±on is a theoretical undulating
plane in a two-layered flow estuary separating the net seaward and net landward
flowing layers and intercepts the bottom in the null zone.

x±
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Production rate. See growth rate.

Settlin~ rate. The settling rate is the rate at which suspended materials
settle. Units used in this report are meters/day (feet/day).

Standing crop. The standing crop is either the concentration or total biomass
of an organism or specified group of organisms that occurs at any one time.

Suspended materials. Suspended materials include all particulate matter
(including biota) suspended in the water column.

Two-layered flow estuarine circulation. This is a category of estuarine
circulation in which the less dense fresher water (inflow) flows seaward over
the more saline, denser water which flows landward (density current) in the
lower layer.

Vertical flow. The vertical flow generally refers to the net flow of water
from the lower layer into the upper layer in an estuary having a two-layered
flow circulation pattern. Theoretically, the entrapment zone is centered where
the upward net vertical flow is maximum upstream to the area of the null zone.

Vertical mixing. Vertical mixing is the upward and downward mixing of the
water column in an estuary resulting from tidal, inflo~ and wind forces which
tend to reduce salinity stratification.

xii
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INTRODUCTION

The present study evolved from work conducted since 1973 by the Water and
Power Resources Service (Service) on the entrapment zone (see section on
theoretical concepts) and its effect on the estuarine environment. The purpose
of the study was to determine if the phytoplankton standing crop in Suisun Bay
could be enhanced by outflow manipulation of the entrapment zone location as
hypothesized by Arthur and Ball in earlier studies (1978; 1979a and b).

Background

The Service began its environmental studies of the San Francisco Bay-Delta
Estuary in 1968. The emphasis for such a program resulted from a State Water
Quality hearing held in 1967 which recognized that more information was needed
on the impacts of the Federal and State Water Projects on the estuarine environ-
ment. The 4-Agency group (Service, USFWS, DWR, and DFG) was formed in the
early seventies to better plan, coordinate, and execute environmenta! studies
within the estuary. An evaluation of data collected early in the program
(Arthur, 1975) led to the conclusion that phytoplankton and other suspended
constitutents were being concentrated in the Suisun Bay area, where the least
water transparency occurred, and that unknown factors were somehow influencing
the phytoplankton dynamics.

Further field studies, data evaluation, review of the literatureand
resulted in the entrapment zone scenario described by Arthur and Ball (1978;
1979a and b).

Ball (1975 and 1977) and Ball and Arthur (1979) have evaluated phytoplank-
ton growth throughout the Suisun Bay-Western Delta since 1968. The timing of
peak chlorophyll levels between years has been highly variable, occurring in
all months between February and October and ranging from as high as 100 ug/L in
1970 to below 10 ug/L in 1977, depending on various environmental factors.
There is no typical year. Chlorophyll peaks from 1968 to 1977 Were measured at
under 50 ug/L five times and over 50 ug/L five times.

From the "evaluation of chlorophyll a data for the period 1969-1974, it was
observed that the Suisun Bay phytoplankton standing crop tended to either
increase or remain high whenever the entrapment zone was adjacent to the
shallows of Grizzly and Honker Bays, (Ball, 1977). Chlorophyll data collected
from 1968-1977 supports this conclusion, figure I. A phytoplankton bloom
occurred in Suisun Bay in February of 1976 as the entrapment zone moved landward
into the Honker Bay area with decreasing Delta outflow. This bloom was the
earliest observed in any year since monitoring was initiated in 1968. It also
occurred as the entrapment zone was centered near Honker Bay and when the water
transparency was unusually clear for that time of the year.

As Delta outflow declined in 1976 and remained low throughout 1977, the
entrapment zone was centered upstream of Honker Bay in the deeper ship channel.
The Suisun Bay summer phytoplankton standing crop was at the lowest summer
levels ever recorded (generally <10 ug/L). As a result of the low sediment
discharge to the estuary, water transparencies were at record highs which
should have been conducive to phytoplankton growth. During this same period,
chlorophyll levels were at record highs in the Northern and Southern Delta.
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A study was conducted (Arthur and Ball, 1978; 1979a and b) to determine
the possible causes for the low Suisun Bay phytoplankton levels. The factors
evaluated in the study included: (I) the quantity of light available for
phytoplankton production (from measurements of solar insolation and water
transparency), (2) water temperature, (3) nutrients required for phytoplankton
growth (nitrogen, phosphorus, silica, and trace elements), (4) toxicity, (5)
parasitism, (6) the direct effect of high salinity on the phytoplankton growth
rate, (7) zooplankton grazing, (8) benthic filter feeding, and (9) the entrap-
ment zone location, relative to shallow bays. In summary, it was concluded that
the phytoplankton are concentrated in the entrapment zone and the location of
the entrapment zone adjacent to shallow embayments is a major factor stimu-
lating the production of a high phytoplankton standing crop. One hypothesis
was that the shallow bays have a large surface area (relative to the channels)
where the photic zone constitutes a greater percentage of the total depth,
providing for a greater phytoplankton growth rate. Also, greater surface to
bottom wind and tidal mixing in the shallow areas were thought to maintain the
phytoplankton in uniform suspension for a greater percent of time than when they
are in the deeper channel areas. Cloern (1978 and 1979), in his evaluations of
phytoplankton dynamics in the San Francisco Bay-Delta estuary, reached a similar
conclusion.

Theoretical. Concepts

Studies in the San Francisco Bay-Delta estuary as well as other estuaries
throughout the world have demonstrated that suspended materials tend to concen-
trate in the general area of the fresh-saltwater interface as a consequence of
two-layered flow circulation. This type of circulation apparently occurs in
almost all estuaries having any degree of salinity stratification (resulting
from freshwater inflow). This type of circulation is referred to as two-layered
flow, estuarine circulation, or gravitational circulation.

Terms used to describe the area of maximum concentration of suspended
materials are the "turbidity maximum", "critical zone", "nutrient trap",
"sediment trap", "null zone", and "entrapment zone".     In this report the term
"entrapment zone" (Arthur, 1975) is used.

The majority of studies on gravitational circulation deal with sediment
transport and modeling hydrodynamics of estuarine circulation (Bowden, 1967;
Dyer, 1973; Helliwell and Bossangi, 1975; Wiley, 1977; Officer, 1976; Kuo,

alo, 1978; Conomos, 1979a; Fischer, et alo, 1979, among others). Althoughet
numerous biological studies have been conducted in estuaries throughout the
world, few have specifically dealt with the effects of gravitational circula-
tion on the estuarine biota, particularly phytoplankton. Exceptions in "other"
estuaries include the work described by Cronin and Mansueti (1971) on the
Chesapeake Bay, and Gibbs (1976) on the mouth of the Amazon River.

Approximately 50 years ago, Grimm (1931) recognized that gravitational
circulation was important in sediment transport in San Francisco Bay; however,
there have been a few studies since (USCE, 1967). It was not until the late
1960’s that specific studies on gravitational circulation were conducted
(Conomos, et al., 1970). Recent studies have dealt with the significance of
the entrapment zone location on estuarine productivity, particularly since the
1976-77 drought (Arthur and Ball, 1979a; Cloern, 1978 and 1979; Siegfried,

4
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et al., 1978). Conomos (1979b) in "San Francisco Bay - the Urbanized Estuary"
summarizes the current knowledge of estuarine processes in the Bay-Delta,
including previous work by the Service to describe and define the significance
of the entrapment zone to estuarine productivity.

Briefly, the current understanding of the entrapment process is that
suspended materials (including inorganic suspended materials and certain biota)
tend to concentrate in the entrapment zone due to the three interrelated
factors. These include the effects of (I) net two-layered flow circulation,
(2) the net upward vertical velocities in the water column throughout the
mixing zone, and (3) the settling rate of particles.

Net upward two-layered flow circulation results from the density
differences between fresh and salt water. As fresh water river flow enters the
estuary, the fresher water tends to flow over the surface of the more dense,
saltier water. Negating tidal effects, this creates a net downstream surface
flow. Conversely, the denser, saltier water tends to flow in a net upstream
direction under the fresher water, creating a theoretical plane-of-no-net-motion
between the two layers, figure 2a. One r~sult is a net vertical flow from the
lower landward flowing layer, through the plane-of-no-net-horizontal motion
into the upper seaward flowing fresher water, figures 2a and b.

The term "null zone", figure 2a, is conceptualized as that area in the
lower layer where net non-tidal velocities in the seaward-flowing fresher river
water and landward-flowing saltier water approaches zero. The null zone is
also the theoretical area where the plane-of-no-net-motion intersects the
bottom. The null zone location oscillates daily with tidal excursion and
seasonally with changes in river discharge to the estuary.

Phytoplankton (as well as other suspended materials) are greatly
influenced by the net flow patterns in and about the null zone. Conceptually, if
phytoplankton cells are small, possess radiating extensions of their cell walls,
and/or have a density close to that of the water, they tend to have relatively
low settling rates. If their settling rate is less than the net upward ver-
tical water velocity, the tendency is for the algal cells to be carried upward
and concentrate in the surface water. The net flow in the surface water is
downstream, and likewise the algal cells as well as other particulate material
with similar settling rates will be transported downstream.

In contrast, if phytoplankton cells (such as Thalassiosira excentricus,
the dominant phytoplankton observed in this study) are relatively large,
compact in shape, tend to accumulate inorganic materials on their exteriors,
aggregate together or with particulate materials as a result of flocculation,
and/or have densities greater than water, they tend to have relatively high
settling rates. Consequently, they tend to settle into the lower layer and are
carried upstream. When they encounter the greatest upward vertical velocities
while moving upstream they tend to move up in the water column and concentrate
in the surface waters. This circular increases the residence time of thepath
phytoplankton over that of the water. Also, the phytoplankters that tend to be
carried in the lower layer upstream beyond the maximum upward vertical velo-
cities (be it by chance or that their settling rates are greater than the
maximum upward vertical velocities) experience reduced vertical velocities and
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tend to remain in the lower layer. The interaction of the above phenonmenon
creates the entrapment of phytoplankton as well as other suspended materials.
Correspondingly, the area where greatest accumulations occur is the entrapment
zone.

The level of the phytoplankton standing crop in the entrapment zone at a
given time is thought to result from transport of phytoplankton to the zone from
upstream and downstream as well as from growth in the intermediate vicinity.

In summary, it is theorized that the dominant phytoplankton species most
commonly found to accumulate in the entrapment zone have settling rates nearly
equal to the maximum vertical velocities occurring downstream of the null zone,
figure 2b. If the phytoplankton become entrapped in and adjacent to shallow
wind and tidally mixed bays where there is a large surface area and where the
photic zone constitutes a greater percentage of the water column than in the
deep channels, available light (water transparency and sunlight) is less
limiting and the maximum algal standing crop can develop.

Thus far only preliminary phytoplankton settling rate studies have been
conducted in the estuary. The accuracy of these measurements has not been
determined, nor is it possible to directly measure vertical velocities throughout
the mixing zone (see section on settling rates and vertical velocities for more
discussion).

Study Rationale

The study proposal was to regulate the Delta outflow in such a manner that
the tidally averaged location of the entrapment zone would be adjacent to Honker
Bay for a minimum of two months during the summer of 1978. The analysis of
chlorophyll data and electrical conductivity (EC) measurements from the Service’s
telemetering station at Pittsburg indicated the zone would be in the approximate
area of Honker Bay at specific conductances (EC’s) of 5-8 millimho/cm, which
corresponds to a Delta outflow index of about 140-230 m3/s (5,000-8,000 f~3/s).

The ideal scenario was for the entrapment zone to be upstream or down-
stream from Suisun Bay prior to the test. Based on past observations, the
predicted phytoplankton standing crop would be low under these conditions. As
the entrapment zone moved adjacent to the shallows of Honker Bay, predictions
were that the phytoplankton standing crop would increase and remain high as
long as the zone remained in that area. Finally, the phytoplankton standing
crop would decline as the entrapment zone was moved out of the "optimal"
area.

It was realized from the onset that the study could not conclusively
support the earlier observations nor define the mechanisms responsible for the
phenomenon, since it is difficult to replicate or adequately control all
factors in a field study. However, a positive phytoplankton response to flow
regulation of the entrapment zone location would provide str~ng support for the
theory.

The general approach taken in evaluating the results of optimizing the
entrapment zone location for a maximum phytoplankton standing crop was to
document changes in the level of the phytoplankton standing crop throughout

!
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Suisun Bay. "Other" known factors that influence phytoplankton levels were
also evaluated.                                                                                              I

Factors influencing the phytoplankton standing crop during the 1978 study
were compared to the results of "other" entrapment zone studies from ~973-77                   I

and to data collected in the 4-Agency monitoring programs since 1968.

Also discussed were the environmental implications of the entrapment zone
and factor(s) that might influence suspended inorganic and organic materials in               I

the entrapment zone in the future.
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METHODS

The specific methods used in the collection, preservation, and analysis of
water quality and biological constituents have been described in detail in
earlier reports (USBR, 1975 and 1977; Arthur and Ball, 1978 and 1979a). A
general summary of the procedures utilized in this study is provided in the
following paragraphs.

Delta Outflow Regulation

Based on water storage in the reservoirs, the Federal (Service) and State
(DWR) Water Project Operations offices were able to begin Delta outflow
regulation in mid-June of 1978. The Service’s Pittsburg telemetering station,
figure 3a, at the confluence of the Sacramento and San Joaquin Rivers was
monitored daily to determine if the specific conductances were in the 5-8
millimho/cm range requested for the study. Reservoir releases and Delta
pumping were adjusted, within the variance allowedunder normal operations, to
try to meet the test criteria.

Study Area

Sites in the entrapment zone study area are illustrated in figure 3a.
Sampling in this program was largely restricted to the channel and embayments
of Suisun, Grizzly, and Honker Bays between Benicia (site 5) and Collinsville
(site 14). Early in the study, several runs were also made in the main sloughs
of Suisun Marsh (Montezuma and Suisun Sloughs) to determine if the Marsh
contributed to or was the source of phytoplankton to the embayments. The major
bays and channels in upper San Francisco Bay are illustrated in figure 3b.
Areas with depths of 2 meters or less at mean low, low tides have been indicated.

Sampling

Water quality and phytoplankton samples were collected by the Service.
The study plan called for sampling both the embayments and the Sacramento Ship
Channel on the selected tides..

A 6 meter (19.5-foot) inboard-outboard boat was utilized in the study. The
boat was equipped with a dual sample-water intake system. Water could be
pumped on board while underway from an intake pipe mounted approximately 0.3
meter (I foot) under the surface near the stern. At each site, the sample
intake was switched through a three-way valve to a hose system that could be
lowered vertically to the desired depth. The intake on this hose system was
I meter (3 feet) from the end of a 2 meter (6 feet) weighted rigid section.
When touching the bottom substrate, the sample was collected approximately I
meter (3 feet) from the bottom. Samples were collected at varying depth
intervals, depending on the site depth.

Water from either intake system was split, flowing both to a sample
collection area and to flow-through chambers for measurements of dissolved
oxygen and temperature (with a Yellow Springs instrument meter), and through a
Turner Designs fluorometer, modified for measurements of in vivo chlorophyll
fluorescense. Fluoresence was recorded on a Rustract analog strip-chart
recorder.

9
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Generally, the only measurements recorded between sites were in vivo
chlorophyll. At each site, near-surface and near-bottom in vivo measurements
were recorded separately for later correlation with the extracted chlorophyll
samples. The in vivo chlorophyll measurements were also utilized in making
random quality control sweeps of .a site (or between sites) to determine site
variability.

Often sampling would start in Honker Bay (site 40), proceed downstream
in the embayments to Benicia (site 5), then upstream to Pittsburg (site 12),
thereby making a loop through the study area all on the same day. Generally,
sampling was started about I/2 hour prior to, and ended about I/2 hour after,
the selected tide stage for the channel sites. Later, calculations to deter-
mine how close the sampling times were to calculated tide times for each site
were made. However, coverage of this large an area with one small boat under
adverse weather conditions necessitated that some of the runs be aborted or
reduced in coverage. At times slow traveling in rough waters caused sampling to
be late relative to scheduled sampling time. The run number, date, tide, and
sequence of sites’ sampled have been summarized in table I.

Surface EC and chlorophyll samples were collected and analyzed by the DFG
as part of their routine 4-Agency biweekly program in the area. Water quality
and chlorophyll samples also are collected on the same frequency at some of the
sites by DWR as part of State Water Resources Control Board (SWRCB) Decision
1485. Both DWR and DFG samples are collected on high slack tide, only. These
data were utilized as part of the evaluation.

Constituents and Analysis

The list of water quality and biological constituents measured in this
study, along with the depths at which they were collected, are presented in
table 2. Water quality samples were analyzed in the field or laboratory by the
Service. Phytoplankton identification and enumerations were done under con-
tract to Anne Sands (private consultant). The phytoplankton were counted using
Utermohl chambers. All samples were settled for 24 hours prior to counting.
The samples were examined with a Wild M40 inverted microscope at a magnifi-
cation of 750 x. A factor of ~20 x cells counted was used to determine the
species abundance. Only cells that appeared to have been preserved alive were
counted. All diatoms were counted as individual cells, even if in chains.
Green algae were counted as individual cells except in cases of colonies.
All water quality analysis methods met California State certification
requirements, with the exception of the parameters for which there are
no specifications.

Sampling Frequency

Water quality sampling was initiated on July 12, 1978. After the first two
weeks, sampling was conducted at least once per week until September 30, 1978.
A final sampling run was made on October 10, 1978. Sometimes several runs were
made throughout the study area for different tides on a single day or over
several days (table I). The DFG and DWR sampling frequency was biweekly, on
high-slack tide.
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Table I. Schedule of Runs, 1978

~ Dat___~e Tid____~e* Station sequenc~

33 July 12 L.Ebb-L.L.SI. 40-31
34 July 12 L.L. Sl. 5-1435 July 13 L.H. SI. 4-18
36 July 25 L.H. Sl. 4-16
37 July 27 L.Ho SIo 39-3138 Aug. 2 L. FI. 40-31
39 Aug. 2 L.H. SI. 5-18
40 Aug. 9 L.L. SI. 35-37, 34-31, 38-4041 Aug. 10 L.H. SI. 38-36, 8-1242 Aug. 17 L.H. Sl. 35-31 .
43 Aug. 17 L.H. SI. 5-8, 37, 38, 9-11, 39, 40, 12-1644 Aug. 23 L.H. Sl. 4-18
45 Aug. 23 G. FI. 25, 23, 21, 11, 9, 7, 5
46 Aug. 23 H.L. Sl. 40-3147 Aug. 24 G. FI. - L.H. Sl. 40-31, 5-1248 Aug. 24 L. Ebb 40-31
49 Aug. 24 H.L.Sl. " 5-1250 Aug. 30 G. F1. - L.H. SI. 40-31, 5-1651 Aug. 30 L.L. Sl. 40-31, 5-12
52 Sept. 7 G. FI. - L.H. Sl. 12, 10, 8, 6, 5-1653 Sept. 7 H.L. SI. 31-4054 Sept. 7 L.L. SI. 6, 8, 10, 1255 Sept. 13 L.H. S1. 40-31, 5-1856 Sept. 20 L.H. Sl. 4-1557 Sept. 20 H.L. S1. 3-12
58 Sept. 20 L. Ebb-H.L. S1. 40-31, 5, 459 Oct. 10 L.H. Sl. 3-1360 Oct. 10 L. Ebb 40-3161 Oct. 11 L.L.SI. 4, 5, 31-37

*Tide Abbreviations Tide stage

H.H. SI. higher high water slack
G. Ebb greater ebb
L.L. Sl. lower low water slack
G. F1. greater flood
L.H. Sl. lower high slack
L. Ebb lower ebb
H.L. S1. higher low water slack
L. F1. lesser flood
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Table 2. Constituents Measured During Study

Depth (meters)
Constituent I 2 5 8 15 23 31 B

l
Specific conductanc~/ x + x x + + + x

Turbidity x + x x + + + x
I

Chlorophyl l-pheophyt in x + x x + + + x

Phytoplankton * * l

Dissolved inorganic

Inutrients (N,P, & Si) * *

Dissolved oxygen and
tempe r at ur e x x

l
Secchi disc x ¯ !F1 uo rome te r~-~/ x x

|
x every site (depending on site depth) u
+ occasionally and depending on site depth
* about once/week at every other site

l

I__/ (Specific conductance)(approximately 0.6) = salinity (ppt)
2--/ Continuous between sites at .3M !
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Data Processing and Evaluation

Data collected in the study were stored in the Environmental Protection
Agency (EPA) water quality storage and retrieval system, STORET. In this
system, parameters are stored by station, depth, and time. In order to
facilitate the evaluation, the Statistical Analysis System (SAS), a software
package available through EPA, was used to reformat the STORET data by river
miles and run number. These data were transferred to the Michigan Terminal
System (MTS) where they were utilized in the Adroit statistical and plotting
program developed by Unidata (Ann Arbor, Michigan).

Many of the illustrations and analyses presented in this report were
prepared utilizing a Tektronix terminal, model 4051, connected to MTS and
Adroit.

Since September 1973 there have been a total of 64 entrapment zone runs.
The data collected in the present study were stored as runs 33-61. Run numbers
are occasionally referred to throughout this report.

In the current study, surface specific conductance and chlorophyll data
collected by the DFG during 1978 were also evaluated. The data provided had
not been completely processed by DFG nor stored in STORET; consequently, this
necessitated transferring the data base directly to MTS and plotting the data
via the Adroit display system.

15

D--038329
D-038330



I                                                  RESULTS AND DISCUSSION

I The present study - regulating the entrapment zone to its hypothetical
optimal location for maximizing the phytoplankton standing crop - is unique.
Few, if any, large-scale studies have ever been conducted in an estuary for the

i express purpose of manipulating biologica! production through outflow regula-
tion. This chapter discusses the findings of the controlled flow study.

Delta Outflow

I               The two water years, 1975-76 and 1976-77, preceding the current study, were

classified as the driest two consecutive years on record. The drought of

I 1 976-77 was the most severe since the 1930’s; storage in many of the Project
reservoirs dropped to record-low levels, and the Delta outf!ow index was
extremely low.

I The Delta outflow index is a daily calculation consisting of the Sacramento
River discharge at Sacramento plus the San Joaquin River discharge at Vernalis,
less the pumped Delta export and the estimated Delta consumptive use. The

I consumptive use coefficient estimate varies sea~onally but is constant between
years. The coefficient varies from 130 m3/s (4,600 ft3/s) in August to
minus 30 m3/s (1,000 ft3/s) in January. The same table is used from year

i
t o year: however, crop usage patterns and weather patterns do change. As a
result, the calculated outflow could be off an estimated plus or minus 0-60
m3/s (0-2,000 ft3/s). The index does not account for discharges from the
Delta peripheral streams or the Yolo Bypass. Flows from these sources can be

I appreciable following major storms. Subsequently, caution should be used in
data interpretation.

i Another outflow measurement, the monthly historical Delta outflow,
includes the measurements of all significant discharges (calculated only once
per month) but still uses the estimated consumptive value. The historical
Delta outflow was calculated to evaluate discharges from the Delta and was used

I i n some of the evaluations. Since the Delta outflow index is the number most
readily available, it has been used in this report to indicate Delta outflow
unless otherwise stated. Although the Delta outflow index is the best daily

I number readily available, it is only an approximation of the actual Delta
outflow at any given time.

The Delta outflow index for the period April 1976 through early January

I 1 978 was usually less than 280 m3/s (10,000 ft3/s). During most of 1977,
the period preceding the study, the outflow index was below 140 m3/s (5,000
ft3/s). Fortunately, the winter and spring of 1978 turned out to be

I extremely wet. The Project reservoirs filled in three months and the winter
and spring Delta outflows were high.

The Delta outflow index, figure 4, ranged from 230-2,500 m3/s (8,000 to

I 9 0,000 ft3/s) from early January to mid-June 1978. By mid,June, the outflow
was reduced to the requested range for the study. By July, the Delta Outflow
Index was about 140 m3/s (5,000 ft3/s), the minimum flow required to meet

I t he 5-8 millimho/cm specific conductance (also referred ~to as EC or salinity in
this report) criterion requested for the study. Based upon past evaluations of
the entrapment zone location as related to specific conductance measurements at

16
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I Figure 5. Mean daily specific conductances measured at the Service’s telemetering
station at Pittsburg, June-November, 1978, (Measurements taken 1 meter
from the bottom.)

!
I
I

D--038332
D-038333



Pittsburg, it was estimated that the tidally averaged entrapment zone’location
would be in the upper Honker Bay area at specific conductances of 5-8 millimho/cm.
This corresponds to a Delta outflow index of approximately 140-230 m3/s
(5,000-8,000 ft3/s).

As illustrated in figure 4, Delta outflows were actually lower than
requested for several days in late July. The low flows were the result of an
unrelated study conducted by the Project hydrologist to evaluate cross-channel
flows to the Federal and State pumping plants at Tracy. Export pumping was
increased for several days for the test of cross-channel flows.

Delta outf!ows we£e generally at or below 140 m3/s (5,000 ft3/s)
during August 1978. However, there was an increase in the’Delta outflow index
above 280 m3/s (10,000 ft3/s) during September and early October as the
Project reservoirs were lowered to provide storage for the coming year’s
runoff. The study terminated on October 10, 1978, about the time that the
Delta outflow index returned to the 140-230 m3/s (5,000-8,000 ft3/s)
range.

Specific conductance measurements from the Pittsburg telemetering station
were used by the Federal and State operations offices as a guide for making
operational changes in the system. As illustrated in figure 5, the mean daily
EC at Pittsburg was in the 5-8 millimho/cm range requested for the study from
early July through mid-September 1978.

The specific conductance probe at Pittsburg is located at approximately I
meter off the bottom. Surface measurements can be considerably lower than
indicated in figure 5, depending upon the degree of salinity stratification.
Additionally, salinity levels throughout the study area are not only determined
by the amount of Delta outflow but also by the strength of the tide. For
example, greater salinity intrusion occurs during spring tides than during
neap tides.

Phytoplankton Response

Several types of measurements were used to evaluate phytoplankton response
during the study. Chlorophyll~measurements were the primary means of asses-
sing variations in phytoplankton standing crops within the study area. Phyto-
plankton identification and enumeration were used to document changes in the
makeup of the phytoplankton community, while percent chlorophyll ~ measurements
were used to determine the general physiological state of the phytoplankton
community.

CHLOROPHYLL ~ DISTRIBUTION

Surface and bottom chlorophyll measurements on high slack tide are
illustrated in figures 6(a-d) for the April-December 1978 period. Data from
the DFG program are used to illustrate the period preceding the study (April-July)
and following the study (November-December).
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Chlorophyll ~ concentrations in figures 6(a-d) are represented as circles.
The diameters are proportional to the concentration of chlorophyll ~. If
bottom measurements were made, there are two circles. The circle representing
the surface concentration has hashed lines. If both circles are hash-lined,
the inner circle represents the bottom measurement. A clear outer circle
indicates that the bottom concentration was greater than the surface concen-
tration. Often the surface and bottom concentrations were near equal and only
one circle is evident. Only surface measurements were taken for sites 34, 35,
39, and 40 (figure 3a). Although chlorophyll concentrations at intervals
between the surface and bottom were also measured, their concentrations were
seldom higher or lower than either the surface or bottom measurement and are
not represented in figures 6(a-d).

Inorganic nitrogen levels consisting of ammonia, nitrate, and nitrite
are indicated on figures 6(a-d). If there are two values indicated for one
site, the upper value represents the surface (I meter) and the lower value
represents the bottom (I meter off the bottom) measurement.

The 2, 10, and 20 millimho/cm surface iso-conductivity contours are also
indicated on figures 6(a-d) to illustrate changes in the location of chlorophyll
a levels relative to salinity intrusion. The iso-conductivity contours are-approximations, determined from surface conductivity measurements in the
channel and shallows.

Although the entrapment zone was not specifically monitored during the
winter-spring runoff of 1978, the high Delta outflows and DFG specific conduc-
tance data indicate that the entrapment zone moved downstream and west of
Carquinez Strait sometime in January 1978.

Data from DWR and DFG’s monitoring programs demonstrated that chlorophyll
levels in Suisun Bay were low, <20 ug/L, from approximately June 1976 until
mid-July 1978 (start of the study). DFG’s chlorophyll a measurements for the
study area from May-June 1978, figure 6a, indicated that chlorophyl! a levels
were less than 10 ug/Lo

Suisun Bay chlorophyll levels increased initially adjacent to the shallows
of Grizzly Bay, figures 6a and b. Although the data are not illustrated, at
about this time, two sampling runs (measuring in vivo chlorophyll fluorescence)
were made into Suisun and Montezuma Sloughs of Suisun Marsh on low slack
tides to determine if the phytoplankton buildup might initially increase in
the marsh because of the lesser amount of flushing in the sloughs. However,
based on the data, this didn’t occur.

By early August, figure 6b, the area of high chlorophyll concentration was
centered in Honker Bay. The peak chlorophyll on August 10 was 72 ug/L at site
39 in Honker Bay.

Peak chlorophyll levels in the entrapment zone were generally in the low
70 ug/L range during most of August, figure 6c. However, the highest chlorophyl!
concentration during the study, 84 ug/L, was measured near the bottom at site
36 in Suisun cutoff on August 30.
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Measurements during the first three weeks of September, figure 6c,
indicated a decrease in concentration throughou~ the study although area,
chlorophyll levels by September 20 were again peaking in the high 60
ug/L range.

In October-December, figure 6d, chlorophyll levels generally decreased.
The peak surface value, 58 ug/L, occurred at site 33 on October 10. Surface
chlorophyll measurments by DFG in November and December indicated chlorophyll ~
levels were very low during this period.

It was concluded in previous evaluations (Arthur and Ball, 1978; 1979a;
and 1979b) that the location of the entrapment zone was centered approximately
where surface specific conductances were from 2-10 millimho/cm. Also the
zone’s location was thought to shift, relative to surface salinity, in response
to the quantity and pattern of Delta outflow.

In early April the 2 millimho/cm contour was near the upstream end of
Carquinez Strait, figure 6a. As Delta outflows declined in May and June,
figure 4, the 2 to 20 millimho/cm contours shifted upstream into Suisun Bay.
Chlorophyll levels started to increase, figure 6b, a few weeks after the Delta
outflows were reduced to the 140-230 m3/s (5,000-8,000 ft3/s) range
requested for the study and the highest chlorophyll levels were observed in the
shallows of Grizzly Bay, downstream from the surface 10 millimho/cm iso-contour.

Flows were held near 140 m3/s (5,000 ft3/s) for most of July and
August. The salinity continued to intrude until near the end of July, figure
5, and the 10 millimho/cm iso-contour shifted upstream to near Chipps Island.
There was a corresponding upstream shift in the peak ch!orophyll areas, as well
as a substantial increase in chlorophyll levels. By August 10, peak chloro-
phylls occurred in waters with surface specific conductances of approximately
10 millimho/cm. In mid-August the surface peak chlorophyl! area was either
upstream or near the 10 millimho/cm iso-contour on high slack tides. The peak

levels on the bottom, on high slack tide, were generallychlorophyll upstream
in waters with bottom specific conductances of about 10 millimho/cm. By late
August, figure 6c, the surface chlorophyll peaks were generally downstream of
the 10 millimho/cm iso-contour as Delta outflows started to increase.

Delta outflows increased to above 230 m3/s (8,000 ft3/s) during
September, figure 4. There was a corresponding downstream shift in both the 10
millimho/cm iso-contour and in the areas of peak chlorophyll, figures 6c
and d. Generally, the peak chlorophyll area was near or downstream of the 10
millimho/cm iso-contour.

There was a decrease in Delta outflow in October to the 140-2’30 m3/s
(5,000-8,000 ft3/s) range. The 10 millimho/cm iso-contour again shifted
upstream, figure 6d.

Typical responses of the entrapment zone location to tidal excursions are
illustrated in figure 6e. Changes in ch!orophyll distributions are illustrated
for low and high slack tides near the start, July 12 and 13, and near the end,

26

D--038340
[9-038341



September 20, 1978 of the study. Both periods were for a neap tide condition.
Tidal excursions are greater during spring tides, averaging about 10km.

Based on phytoplankton growth limiting studies by Eppley et al. (1969) and
others, nitrate and/or ammonia levels in the range of 0.006 - 0.077 mg/L limit
phytoplankton growth rates by approximately 50 percent. These half saturation
constants, however, vary with species.

Combined nitrate, nitrite, and ammonia (N) levels have been presented
in figures 6(a-e) along with surface and bottom chlorophyll levels and the
2, 10, and 20 millimho/cm iso-conductivity contours. As indicted in figure
6b, growth limiting nitrogen levels were observed in the shallows of Grizzly
Bay in the area of peak chlorophyll as early as the first run on July 12.
Growth limiting nitrogen levels remained throughout the duration of the
study in the areas of peak chlorophyll. Nitrogen was not limiting phytoplankton
growth in areas of low chlorophyll concentrations.

In conclusion, a high phytoplankton standing crop developed following
the movement of the entrapment zone adjacent to and into the shallows of
Grizzly and Honker Bays. The highest chlorophyll ~ levels occurred when the
entrapment zone was in and adjacent to Honker Bay. Inorganic nitrogen
appeared to be limiting the phytoplankton standing crop in the areas of peak
chlorophyll in Suisun Bay. If additional amounts of inorganic nitrogen had
been introduced into the entrapment zone (for example, via waste discharges),
the phytoplankton crop probably would have increased until some other factor
limited growth.

PHYTOPLANKTON DISTRIBUTION

Phytoplankton samples were collected throughout the study, although to
a much lesser extent than chlorophyll. Generally, only surface, and in some
cases, bottom samples (if the ~ite depth was over 3 meters) were collected at
every other site. Also, samples were not collected on every run. The samples
were identified to species in most cases.

A total of 189 samples was collected during the study. A species list
was prepared, table 3, of phytoplankters in the samples. The species list is
broken down by class, frequency of occurrence (the number of samples in which a
species occurred), and percent of the total samples in which a species occurred.

As indicated in table 3, there was a total of 34 diatoms, 3 green, I
cryptomonad, 2 blue-green, and I dinoflagellate species identified in the
study. The diatom, Thalassiosira excentricus (synonymous with Coscinodiscus
decipiens) was the most frequently occurring organism sampled. In excess, of 97
percent of the total samples measured in the study contained T. excentricus.
~. excentricus also was the most numerous organism sampled, generally
representing in excess of 90 percent of the total cell counts. This organism
has also been dominant in the study area during most of the previous studies.

Phytoplankton samples collected on the first run, July 12, 1978, indicated
that ~. excentricus was the dominant phytoplankter.
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The peak concentration observed, 440 cells/mL, although relatively low, was
five and one-half times greater than the next most abundant organism, Melosira
nummuloides, at 80 cells/mLo By July 27, run 37 - the ~. excentricus concen-
tration had increased to 3,600 cells/mL. The next most abundant organism
at that time, Coscinodiscus lacustris, concentration was 300 cells/mL.

~. excentricus concentrations greatly increased during August. The peak
concentration, 9,000 cells/mL, was measured on August 17, 1978. Generally, the
concentrations of all other organisms measured during the entire study were
under 300 cells/mL.

typical example relationship chlorophyll ~A of the between distribution
and the dominant phytoplankters is illustrated in figure 7. These measurements
are from samples collected in the main ship channel, sites 4-18, on high slack
tide on August 23, 1978. Chlorophyll ~ levels were near the high for the study
period, about’80 ug/L. Bottom chlorophyll ~ concentrations were higher and
occurred upstream of the surface chlorophyll peak. The three dominant organisms
enumerated during this run were ~. excentricus, ~. nummuloides, and Skeletonema
costatum. Although the next most dominant organisms varied throughout the
study, ~. excentricus always dominated. In this typical example, the chloro-
phyll ~ and ~. excentricus peak occurred adjacent to Honker Bay. ~. excentricus
levels were at 8,500 cells/mL, while the next most abundant organisms were both
under 1,000 cells/mL. The surface peaks of these two organisms were downstream
of the ~. excentricus surface peak, whereas the bottom peaks were nearer the
bottom peaks of ~. excentricus.

In September and October there was a decline in both the chlorophyll ~
(to about 60 ug/L) and To excentricus (to about 5,000 cells/mL) levels.-

Since T. excentricus was the most frequently occurring organism and
by far the most numerous throughout the study area, its concentration was
plotted against the chlorophyll ~ "concentration measured in the study, figure
8. As illustrated there was substantial scatter. However, the correlation
coefficient indicated the relationship was significant. At the 99 percent
level an r value of at least .25 (statistical table) is needed to be signifi-
cant. The correlation coefficients for the data were r=.72 (surface) and r=.76
(bottom).

!
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Table 3. List of phytoplankton identified in the study
according to frequency of occurrence

(189 samples were collected during the study)*

FREQUENCY OF PERCENT OF
BACILLARIOPHYCEAE OCCURRENCE TOTAL SAMPLES

Thalassiosira excentricus 183 97
Melosira nummuloides 142 75
Coscinodiscus lineatus 58 31
Cyclotella striata 43 23
Coscinodiscus lacustris 39 21
Skeletonema costatum 35 19
Pleurosigma angulatum 29 15
C~clotella meneghiniana 18 10
Nitzschia longissima 17 9
Diploneis interrupta 10 5
Cyclotella stelligera 8 4
~pithemia sorex 6 3
Melosira granulata 6 3
Coscinodiscus rothii 4 2
Navicula radiosa 4 2
Skeletonema potamos 4 2
Chaetoceros didymum 3 2
Nitzschia tryblionella 3 2
Actinoptychus senarius 2 I
Cymbella lanceolata 2 I
~pithemia turgida 2 I
Rhopalodia musculus 2 I
Amphora ovalis I 0.5
Achnanthes s__p. I 0.5
Cocconeis fluviatilis I 0.5
Cymbella prostrata I 0.5
Denticula s~. I 0.5
Enotia sp. I 0.5
Fragilaria vaucheviae I 0.5

~yrosigma macrum I 0.5
Melosira crenulata I 0.5
Navicula pupul~ I 0.5
Nitzschia sp. I 0.5
Thalassiosira sp. 1 0.5

CHLOROPHYCEAE

Ankistrodesmus falcatus 81 43
Ankistrodesmus splralis I 0.5
Carteria sp. 1 0.5

CRYPTOPHYCEAE

Cryptomon0as sp. I 0.5

CYANOPHYCEAE

Merismopedia s__~p. 11 6
Chroococcus s__~_p. I 0.5

DINOPHYCEAE

Peridinium s__~_p. 5 3

* Level of detection based on cell counts representing 0.05 ml.
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Chlorophyll a measurements are used to indicate the total concentration of
the phytoplankton community, while counts and identifications are used to
indicate dominant organisms and species composition in the community. The
scatter illustrated in figure 8 probably is the result of several factors.
First of all, the samples were collected over a large area, in and outside the
entrapment zone. Although the numbers of other organisms were generally small,
they do contribute to total chlorophyll concentrations. It is also difficult
to distinguish between living and dead diatom frustules, although our consult-
ant attempted to do this. The quality of chlorophyll present in a cell also
varies," depending upon the phyMiological condition of the phytoplankter.
According to Jim Cloern of the USGS (personal communications) there is some
evidence that the concentration of chlorophyll per algal cell varies with
location, particularly between phytoplankton in the channels and shallows
(suggesting physiological changes due to differences in available light).
Finally, cell count precision is not thought to be as good as the precision of
the chlorophyll measurements.

CHLOROPHYLL-PHEO-PIGMENT RELATIONSHIPS

Pheophytin a breakdown product of chlorophyll is generally thought
to be caused by stress to the organisms (such as by light inhibition or nutrient
depletion). Pheophytin ~ can also be formed by acid decomposition of chlorophyll
in the digestive tract of zooplankton or higher animal forms. The term "percent
chlorophyll ~" (of the total chlorophyll ~ plus pheophytin ~) is commonly used
in defining the general health of the algal community since it indicates the
percentage of degradation products present, detrital material and/or zooplankton
grazing (Yentsch, 1965a and b).

There is always some quantity of pheophytin present in phytoplankton
samples. Based on our data and studies from the literature, with a healthy and
growing phytoplankton population in the estuary, the samples generally have
70-90 percent chlorophyll a (10-30 percent pheophytin) levels. Levels lower
than 70 percent chlorophyll ~ probably indicate increasing degrees of stress on
the phytoplankton community (such as light limitation or zooplankton grazing).

Previous trends indicate that the percent chlorophyll a decreases (I)
downstream of the entrapment zone, (2) with depth (to a greater extent down-
stream of the zone), (3) during maximum tidal velocity (greater resuspension of
settled materials), and (4) with lower phytoplanktonpopulations (Arthur and
Ball, 1978) o

The typical distribution of percent chlorophyll a measured in this study
is illustrated in figures 9(a, b).’ The 70 percent chlorophyll a level has been -indicated as a reference point. The plots represent data measured in the
channel at the start, midway through, and near the end of the study. Near the
start of the study, figure 9a, run 35, the peak percent chlorophyll ~ in the
entrapment zone was in approximately the same location as the peak chlorophyll,
figure 6b. As the entrapment zone moved upstream into Honker Bay, the peak
percent chlorophyll also was measured in Honker Bay, figure 9b. Later in the
study, as the entrapment zone moved downstream, the peak percent chlorophyll
also moved downstream. In most cases, the percent chlorophyll decreased
upstream and downstream of the entrapment zone and with depth.
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Figure 9ao Typical distribution of percent chlorophyll a at the channel sites at the I
start of the study, July 13 (run 35), July 25 (run 36), and August 2, 1978
(run 39), illustrating the relative physiological condition of the phytoplankton
community. The 70 percent chlorophyll a line is a point of reference. ¯
Surface EC’s of 2, 10, and 20 millimho/cm are also indicated as reference
points for salinity intrusion.
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The percent chlorophyll a determined in 1978 was compared to 1977, a year
in which the phytoplankton standing crop was at a record low, figure I0.
Typically, the percent chlorophyll ~ in 1977 was lower than in 1978 and the
bottom measurements during both years were lower than the surface measurements,
which agrees with previous observations.

Environmental Effects

In estuaries there are a number of environmental factors influencing the
levels and distribution of plankton and other suspended constituents. These
factors can be of either (a) a short-term nature, influencing spatial variabil-
ity at a given time, or (b) seasonal, influencing levels and distribution
within and between years.

SPATIAL VARIABILITY

The primary factors thought to be responsible for spatial variability
of suspended materials throughout Suisun Bay include the location of the
entrapment zone, circulation patterns, the quality and quantity of the river-
borne suspended load, the flocculation-aggregation-settling process, bathymetry,
and the resuspension and settling of materials by tidal flow, wind, mixing, and
dredging operations (Arthur and Ball, 1978). For example, aerial photographs
of Suisun Bay, figures 11a and b, were taken on a calm day following a windy
day, near high slack tide, on July 14, 1978. These photographs illustrate
patchiness typically observed throughout the study area following windy periods.
Apparently wave action on windy days resuspends a large amount of settleable
organic and inorganic materials in the shallows. On ebbing tides this resus-
pended material is transported from the unstratified shallows into the deeper
salinity-stratified channel areas, where much of the material settles out
because of reduced tidal induced vertical mixing. Conversely, on flooding
tides the more transparent water from the channel area penetrates into and
mixes with resuspended materials from the shallows.~

Patchiness was al~o evident in the chlorophyll distribution in Suisun Bay.
An example of chlorophyll patchiness is presented in figure 11c, a U-2, high
altitude photograph of Suisun Bay, taken near the end of the present study on
September 14, 1978 (Khorram, 1979). The photograph was taken at about 0948
PST near low slack tide. The distribution and concentrations of chlorophyll
illustrated in figure 11c appears to generally agree with surface chlorophyll
concentrations measured in the present study on September ~3, 1978.

Several approaches were taken to study and evaluate chlorophyll variability
throughout the study area during the summer of 1978. The first approach was to
supplement grab-sampling chlorophyll measurements with continuous in vivo
fluorometric recordings and collect duplicate chlorophyll grab samples for
quality control (QC)o Random QC samples also were taken for other constituents
measured in the study.

The in vivo fluorescense measurements were recorded continuously at a 0.3 m
(I foot) depth between sites, with depth at each site, and at times, in sweeps
of the immediate site area. Regression lines of chlorophyll ~ grab sample data

!
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Figure 11 a. Aerial photograph, July 14, 1978, of Suisun Bay east of Benicia, looking north, at Suisun Slough. Illustrates
typical patchiness observed throughout the study area.



, Figure 11 b. Aerial photograph, July 14, 1978, of Suisun Bay near Port Chicago, looking north at Seal, Roe, and Ryer
Islands. Illustrates typical patchiness observed throughout the study area.



Co|or Chlorophyl|, mg/L

Black .00,0
Dark Blue .001 - .004
Blue .005 -- .009
Light Blue o010 -- .014
Green ,015 - o019
Yellow .020 - .024
Yellow-Orange .025 -
Orange °030 - .034
Light Red .035- °039
Red °040 - .044
Brown=Red .045- .084

Figure 11Co Chlorophyll _a distribution in the study area on September 14, 1978 at 10:48 am (daylight savings time) as
derived from a U-2 color infrared photograph. From: Khorram, Siamak, 1979. Remote sensing analysis
of water quality in the San Francisco Bay-Delta. P.roceedings of the Thirteenth International Symposium
on Remote Sensing of the Environment, April 23--27, 1979, Ann Arbor, Michigan, pp. 1591-1601.



VSo in vivo fluorescence measurements of surface (r=o92) and bottom (r=o91)
water collected in the illustrated in 12. Thesamples study, are figure
correlations indicate the relationship between chlorophyll and in vivo fluo-
resence is highly significant. At the 99 percent level the relationship would
be significant at r=.19 (statistical table). The standard deviation for
surface samples was 6.7 and for the bottom samples was 7.2.

The continuous in vivo fluorometry measurements proved to be a valuable
tool during the study and provided insight into the degree of variability
throughout the area. It was found that (I) a grab sample does not always
adequately represent the chlorophyll concentration in an area; (2) areas of
high chlorophyll were fairly well defined, although there were variations
within the high chlorophyll mass; (3) there are often plumes of high chloro-
phyll water extending like fingers from the area of high chlorophyll concen-
tration as the tide changes; (4) during windy periods and/or at higher tidal
velocities, the chlorophyll concentrations at a site in the shallows were
usually fairly uniform top and bottom; however, on calm days, by the end of the
slack periods, settling had been so great that at times the 0-.7m (0-2 foot)
depth fluorescence readings were only 20 percent of the reading at the 1.0m (3
foot) depth; (5) the surface in vivo measurement for each run was generally
higher between stations than at a station. This infers that the grab-sampling
data presented in this report does not necessarily reflect the maximum concen-
trations for the area, but still provide a reasonable estimate of general
trends, and that peak Suisun Bay chlorophyll concentrations most likely were
missed in past monitoring programs.

A second approach to evaluating variability throughout the study area was
to compare independent chlorophyll data collected by the Service, DWR, and DFG
for the summer of 1978. Typical examples of surface and bottom chlorophyll
grab sample data collected during the study period on high slack tide are
illustrated in figures 13(a-c). In comparing the Service’s chlorophyll data to
DWR and DFG, runs were selected as close t~ their sampling dates as possible.
DWR collects approximately five sites in the study area, compared to about 14
sites by the DFG and 18 sites by the Service. Chlorophyll analyses by all
three agencies are conducted in the Service’s laboratory utilizing the same
procedures, with the exception that the Service collected 0.06X the sample
volume and used a fluorometer to measure extracted chlorophyll a rather than a
spectrophotometer.

Average surface chlorophyll levels for the Suisun Bay area (including
Grizzly and Honker Bays), collected on high slack tide during similar time
periods, are illustrated in table 4 and figure 14. The Service collected
multi-depth samples. Samples collected I meter from the surface and I meter
off the bottom were also included for comparison with surface samples.

The average measured chlorophyll levels for Suisun Bay between the three
sampling programs were similar despite the differences in the number of
observations. All three sampling programs indicated that chlorophyll levels
increased in Suisun Bay towards the latter part of July, and that high
levels were sustained through the early part of October. Increases and
decreases in average surface chlorophyll levels are thought to be in part
the result of patchiness throughout the area.
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i Figure 13a. Surface (hashed) and bottom (clear) chlorophyll a distribution in Suisun Bay
on August 9-11, 1978, as determined by the Service, DWR, and DFG.
Samples collected on high slack tides unless otherwise indicated.

D--038356
D-038357



MILES. ,
Service

I
2 5 4 5
, , , ~ August 24

4 6 8
KILOMETERS

Collinsville

8enic~               .

!
Martinez                                                          [] PITTSBURG

DWR                   I
August 23 and 24

Collinsville I

VAN SICKLE ~ I

Benicio

!
r~ Martinez                                                          n PITTSBURG                !

DFG
August 2~              I

¯ !
Collinsvilleo                        !

¯
~                                       VAN SICKLE

Benicio              .

[] Martinez [] PITTSBURG
I

Figure 13b. Surface (hashed) and bottom (clear) chlorophyll _a distribution in
Suisun Bay on August 23-24, 1978, as determined by the Service,

IDWR, and DFG. Samples collected on high siack tide unless
¯ otherwise indicated.
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I Figure 13c. Surface (hashed) and bottom (clear) chlorophyll _a distribution in Suisun Bay on
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collected on high slack tide unless otherwise indicated.
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Table 4o Comparison of average surface chlorophyll (ug/L)
levels in the Suisun Bay area including Grizzly and Honker Bays

collected by the Service, DWR, and DFG on high slack
tides during the summer of 1978

Service                                 DWR                       DFG
SAMPLING                 (I m)                (I m,b)~/              (I m)                  (I m)
PERIOD           OBS MIN AVG MAX    OBS MIN AVG MAX    OBS MIN AVG MAX    OBS MIN AVG MAX

July 12-14~/       18 8    18 31     32 8    17 32     5    8    11 17     14     6    13    23

July 25-28         17 8    26 47     31 5    25 47     5    7    20 35     14     4    17    20

August 10-11              2--/                    2--/             5    5    25 36     10    15    29    53

August 23-25        17 3    28 74     27 3    28 74     5    3    31 53      14      I     19    59

September 9-14     18 7    22 41     31 6    20 41     5    5    22 43     14     7    24    38                  ~

September 20~28~/ 18 5     26 51      32 5     33 68      5     8     31 61      14      5     19     53                   ~0

October I0-13~/    18 4    32 58     32 3    29 58     5    4    26 59     14     6    25    54                  ~

NOTES:                                                                                                                                            ~

I_/ Sampling in the shallow bays by the Service was partially on an ebbing tide.
2-/ Weather conditions prevented full coverage of the area by the Service,
3-/ Includes samples collected I m from the surface and I m off the bottom,
4_/ Sampling in shallow bays by the Service was partially on a flooding tide,



Although all three monitoring programs indicated the same general
chlorophyll levels in Suisun Bay, averages do not illustrate the spatial
extent of a bloom. For example, the average chlorophyll levels illustrated
in figure 14 and table 4 were generally similar during comparative periods.
However, evaluations of individual chlorophyll measurements, figures 13a-c,
were necessary to evaluate the spatial extent of the phytoplankton bloom.

Multidepth sampling is also required to understand the mechanisms con-
trolling the level of the phytoplankton standing crop. For example, the
peak bottom chlorophyll which is upstream of the surface peak, support the
theory on how two-layered flow transports and concentrates phytoplankton in
the estuary.

Such data, as from averages and limited monitoring programs, must be ~
evaluated carefully. For example, the fluctuations of chlorophyll at a parti-
cular site sampled biweekly or monthly may be the result of upstream and
downstream movement of the entrapment zone resulting from changes in Delta
outflow. Tidal circulation, wind and/or tidal resuspension, and settling of
phytoplankton can also cause increases or decreases in the measured phyto-
plankton standing crop at any one site.

Previous evaluations (Ball, 1977) have indicated that two blooms have
occurred in most years in Suisun Bay. The timing of these blooms ranged from
February to September. Only one bloom appeared to have occurred in 1969, and
there was no bloom observed in 1977. Also, the location in Suisun Bay where
the peak chlorophyll concentration was measured shifted upstream with declining
summer outflows and downstream with increasing summer outflows. Conceivably
the decline in Suisun Bay chlorophyll levels between the apparent first and
second blooms may actually have been the result of inadequate coverage.
More likely, however, as our theory describes, the center of the blooms and
entrapment zone shifted upstream even further than documented in 1978 to cause
the declines. See section on entrapment zone location.

Phytoplankton modeling of the estuary also is dependent upon having
representative prototype data. Field data are used to develop, calibrate,
and determine the usefulness of models.

In conclusion, chlorophyll levels (as well as other suspended constit-
uents) can be highly variable throughout Suisun Bay at any given time. The
degree of variability depends on a number of environmental factors. Although
general trends in chlorophyll levels for Suisun Bay can be determined with the
level of coverage dictated by the current State Water Resources Control Board
D-1485 Monitoring Program, more extensive spatial coverage appears necessary to
determine the factors influencing mechanisms governing phytoplankton growth.
Extensive coverage is more apt to bracket the peak chlorophyll concentration
and define the spatial extent of blooms.

FACTORS AFFECTING SEASONAL VARIABILITY

A number of factors (other than measurements of the phytoplankton standing
crop) was monitored (table 2) during this study. Measurements included turbidity,
water transparency (secghi disc), water temperature, and major nutrients required
for phytoplankton growth (inorganic nitrogen, dissolved phosphorus and silica).
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Although any of these factors, as well as others not measured, can
potentially limit phytoplankton growth, previous work has indicated that
available light (combined effects of solar radiation, water transparency, and
average water depth) is the factor most likely to be limiting phytoplankton
growth. In addition, when there were large phytoplankton standing crops
in Suisun Bay, inorganic nitroge~ often became depleted.

Li~t ~ailability

The quantity and quality of light available for phytoplankton growth is
determined by the solar insolation (light reaching the water surface), the
transparency of the water, and average water depth. Also there are signficant
differences from seasonal and localized conditions;resulting changes e.g.,
overcast and fog. Since light is necessary for photosynthesis, variations in
intensity and wavelengths can dramatically affect phytoplankton growth (Fogg,
1965)o

Past evaluations of solar insolation (Ball, 1977; Arthur and Ball, 1979a
and b; and Ball and Arthur, 1979) collected at the University of California at
Davis have demonstrated that although the daily intensity and quality of light
reaching the water surface varies greatly, monthly averages between years are
relatively constant. Consequently, variations in phytoplankton levels for the
same months between years are thought to result from other factors.

Routine measurements of water transparency throughout the estuary in past
years have included turbidity, secchi disc, and photometer measurements. Of
these methods, secchi disc measurements appear to be the most reliable over an
extended period of time, primarily because of spectral sensitivity variations
between the photodetector cells in the different instruments used. In this
study, secchi disc and turbidity measurements were taken at every site on each
run °

The study of the entrapment zone was initially prompted by the inability
to account for the high chlorophyll levels in Suisun Bay associated with low
water transparencies; i.e., phytoplankton require light for photosynthesis, yet
were at their highest levels in an area with the lowest water transparencies
(Arthur, 19~5) ¯

In examining figure 15, it is apparent that during the spring through fall
months the water transparency is lowest in the Suisun Bay area. However, the
photic zone occupies a larger percent of the average depth in the shallows of
Grizzly and Honker Bays than in the channel of Suisun Bay, or up and downstream
of Suisun Bay.

Phytoplankton, which are uniformly distributed in the water column as a
result of tidal and/or wind mixing, spend a greater percent of the time in the
photic zone in the shallow bays than in the deeper channe! areas. Consequently,
phytoplankton production rates are higher in the shallows than in the channels.

Figure 16 compares phytoplankton dissolved oxygen production (which is
proportional to carbon assimilation) in Grizzly Bay with production at a site
in the ship channe! adjacent to Grizzly Bay. The maximum production rate at
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Figure 15. The photic depth (measured as the depth to which 1 percent of the surface light penetrates) percentage of the
average depth for various portions of the study area, The 1 percent light depths are April through October
averages for the years 1969-1974 for the indicated Service’s routine sites. Average depths were calculated
for the areas indicated in the above map.
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Figure 16. Typical example of phytoplankton dissolved oxygen production and respiration for a deep and shallow site
in Suisun Bay. NOTE: Zooplankton were not filtered from the samples° This would make the respiration
rates higher than for phytoplankton alone.



the two sites is approximately the same; however, because the photic depth in
the channel is greater, the gross areal production is greater. The respiration
rate, the amount of oxygen consumed by the phytoplankton, was also approximately
equal for both sites. The respiration rate is measured in the dark and is
assumed to be about the same as in the light.

The photic depth in the shallows was 0.73 m., or 53 percent of the total
depth on that day. However, in the channel it was 0.98 m., or only 18 percent
of the total depth. Consequently, since respiration was assumed to be uniform
with depth, and production was confined to a smaller percent of the average
water depth in the channel, the net areal production was negative, -0.14
g/m2/day. The net production in the shallows, however, was positive, 2°05
g/m2/day. Therefore, it is concluded that large shallow areas, such as
indicated in figure 3b, are necessary for net production to occur and the
development of a large phytoplankton standing crop.

Previous evaluations have indicated that water transparency levels in
Suisun Bay generally vary indirectly with discharge, i.e., transparencies are
low in very high flow periods, high in low flow periods. Transparency levels
can also be highly variable over relatively short intervals of time and space,
depending upon the degree of wind and tidal mixing, local bathymetry, salini-
ties (flocculation-settling), and the location of the entrapment zone.
Although low transparency levels are generally associated with the entrapment
zone, extensive local variation can occur because of the factors influencing
the suspension and settling of suspended particles.

Mean summer secchi disc measurements in Suisun Bay have been plotted
against mean Delta outflow (historical Delta outflow) for the June through
September periods, 1968-78, in figure 17. As illustrated in figure 17, summer
water transparencies are inversely related to summer outflows. The concentra-
tion of suspended materials is generally higher in the entrapment zone than
upstream or downstream. At the higher summer outflows, the entrapment zone was
generally centered in Suisun Bay; consequently lower average water transparen-
cies occurred. During low flow summers, such as occurred in the 1976-77
drought, the entrapment zone was located upstream of Suisun Bay (Collinsville
to Rio Vista), and average summer transparencies were high in Suisun Bay.
However, from Collinsville to Rio Vista, transparencies were lower than average
during the drought.

It seems reasonable that the higher the water transparency, the higher
would be the phytoplankton standing crop. However, a phytoplankton standing
crop did not develop in Suisun Bay during the summers of 1976 and 1977.

Summer chlorophyll measurements from Suisun Bay were evaluated for the
period 1969-78 (Ball, 1977; Ball and Arthur, 1979). Although the levels
recorded may not represent maximum chlorophylls occurring during summers of
those years (due to limited spatial and temporal sampling), they probably are
representative of general trends between years. Years with peak chlorophyll
levels above 50 ug/L (1968, 1969, 1970, 1972, 1973, and 1978) had mean secchi
measurements under 40 cm. These years, with the exception of 1969, had mean
summer Delta outflows of between 140-230 m3/s (5,000 to 8,000 ft3/s),
the range in which the entrapment zone is in the proximity of Honker Bay.
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High flows in the San Joaquin River during the summer of 1969 were
thought to have washed phytoplankton from an upstream phytoplankton bloom in
the Central Delta into Suisun Bay where they were concentrated. There was
also growth in the area in July and August as outflows decreased to about
230 m3/s (8,000 ft3/s)o Increasing Delta exports in recent years has
resulted in more San Joaquin River water (with high phytoplankton levels)
being diverted out of the Delta resulting in less phytoplankton being
transported downstream through the Delta from the south.

Summers with measured peak chlorophyll levels below 50 ug/L included
1971, 1974, 1975, 1976, and 1977o Peak chlorophylls were below 50 ug/L
(1971, 1974, and 1975) either when mean summer flows were above 230 m3/s
(8,000 ft3/s) or (1976 and 1977) when means flows were below 140 m3/s
(5,000 ft3/s). Mean summer secchi measurements during low chlorophyll
years were at the extreme ends of the range.

In summary, peak summer chlorophylls in the shallows of Grizzly and
Honker Bays in 1978, as in previous years, appeared to be more strongly
influenced by the entrapment zone location than by water transparencies.
However, it is not known what the effect to the phytoplankton standing crop
would be if water transparencies were greater than 70 cm and the entrapment
zone was not in Suisun Bay. That is, if water transparencies had been greater
than 70 cm in the summer of 1977, would a bloom have developed? Also, if the
transparencies were lower than occurred in 1974 or 1975, would growth have been
greatly limited?

The typical low phytoplankton standing crop in Suisun Bay during the
winter and early spring appears to be the result of light limitations caused by

combination of low solar insolation and water transparencies.

In conclusion, it is thought that the photyplankton standing crop is
greatest when the entrapment zone is in the shallows of Suisun Bay because
the photic zone in the shallows of Suisun Bay constitute a greater percentage
of the total average depth than in the deeper river channels and has approxi-
mately twice the surface area as the channel areas. Wind and tidal mixing in
the shallows more uniformly distribute the phytoplankton in the water column
than in the channels. Consequently, phytoplankton are in the photic zone more,
and growth rates are greater in the shallows. Because of the longer residence
time in the entrapment zone, large phytoplankton standing crops have the
potential to develop.

Water Temperature

Surfice water temperatures were measured at each site during a run.
Temperatures were within the range normally measured for that time of the year,
16-24

Previous evaluations (Arthur and Ball, 1978; 1979a, b) indicate that water
temperatures in Suisun Bay taken between 1968-78 ranged from a winter low of
6 "C to a summer maximum of 26 eC. Although lower temperatures theoretically
decrease the phytoplankton growth rate, phytoplankton standing crops of at
least 35 ug/L chlorophyll have occurred in Suisun Bay in any month from
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February to October and at water temperatures ranging from 12-26°C. Apparently
water temperatures within that range are sufficient to allow moderate to high
phytoplankton standing crops to develop if other conditions are favorable.

Nutrients

Major nutrients required for phytoplankton growth are carbon, nitrogen,
and phosphorus. Diatoms (which predominate in this part of the estuary)
also require dissolved silica as a major nutrient. Depending on the unique
chemical requirement of the species, a wide variety of micronutrients including
such elements as potassium, sulfur, magnesium, sodium, calcium, iron, manganese,
zinc, copper, boron, molybdenum, cobalt, and vanadium may also be required
(Hutchinson, 1967).

Nutrient levels can affect algal growth rates in several ways (Fogg,
1965). As one or more nutrients approach a high toxic concentration, growth can
be inhibited. Conversely, when the reverse occurs, and one or more nutrients
are depleted to a relatively low level, then the growth rate is limited.
Nutrient levels at a relatively low concentration reduce their rate of assimi-
lation by algae, and this limiting effect then interacts with such factors as
temperature, light, residence time, predation, and parasitism to determine the
quantity of algae produced. The concentration, by weight, of inorganic
nitrogen required to produce various concentrations of chlorophyll ~ for
endemic Delta diatom populations was determined in algal growth potential
studies to be about 7:1 (USBR, 1972).

The assimilatory mechanisms of algae function at saturation (maximum)
rates when all nutrients are present in optimum concentrations. However, as
low concentrations for any one nutrient are reached, the growth rate is reduced
and that nutrient is then said to be limiting the growth rate.

An expression used to define nutrient-limiting concentrations for any
nutrient is the half-saturation constant. The half-saturation constant for
inorganic nitrogen (KN) is equivalent to that concentration of nitrogen at
which the assimilation rate has been reduced to one-half the rate at nutrient
saturation (nonlimiting concentrations). The relative growth constant, KI,
decreases as the limiting nutrient level, N, decreases to levels approaching or
below the half-saturation constant, KN, for that nutrient as expressed
below:

KI = ~

A nutrient is’limiting only when N is small compared to KN (Fogg, 1965).

Half-saturation constants for inorganic nitrogen (ammonium and nitrate)
were reported for" several species of marine algae by Eppley, et al. (1969).
Species of two diatom genera, Coscinodiscus and Skeletonema, which they studied
also, were at times the dominant species that occurred during algal blooms in
the Delta Pablo The half-saturation constants measuredwestern to San Bay. they

!
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in replicated experiments for three marine neritic (near shore) diatoms growing
in culture are presented in table 5. Their studies also demonstrated that, in
general, the smaller-celled species had lower half-saturation constants than
the larger-celled species.

In the study area, inorganic nitrogen is known to be the nutrient most
commonly limiting to phytoplankton growth (FWPCA, 1968)o When phytoplankton
blooms occurred in Suisun Bay, inorganic nitrogen (nitrate, nitrite, and ammonia)
was often reduced to limiting or near-limiting concentrations (USBR, 1972;
Ball, 1977; Arthur and Ball 1978 and 1979a-b). Based on algal growth potential
(AGP) tests from 1969 to present, phosphorus, carbon, and micronutrients have
not been known to become limiting before nitrogen in the study area.

Table 5. Half-saturation constants (KN) for uptake of nitrate and                         I
ammonia by cultured marine phytoplankton at 18 oC*

Half-saturation constants m@N/L             Cell dia.
Species                        NO~                       NH4                   microns

Skeletonema
costatum               0.007,    0.0056     0.05    0.011,    0.011              8

Coscinodiscus
lineatus               00034,    0°039       0.039               0.029            50

Coscinodiscus
wailesii               0.029,    0.071       0.06                0.077           210

* Eppley, et al., 1969o

Nitrogen. Based on the data presented in table 5, the average combined
nitrate and ammonia half-saturation constants for Skeletonema costatum,
Coscinodiscus lineatus, and Coscinodiscus wailesii are 0.017, 0.035, and 0.059,
respectively. The average half’saturation constant for the larger organisms is
over twice that for the smaller organisms.

Thalassiosira excentricus (Coscinodiscus .deci~iens), the predominant
phytoplankter in the study area, has an average diameter of approximately 20
microns. Based on the information derived from table 5, T. excentricus would
have a half-saturation constant of approximately 0.026 (midway between the
average half-saturation constants of-the smallest and medium size phytoplankter).

Chlorophyll vs. nitrogen concentrations have been plotted in figure 18 for
data collected during the present study (see figure 6 a-d). As illustrated,
nitrogen levels were lowest (<0.02 mg/LN) at the highest chlorophyll concentra-
tions and were considered to be limiting further ~rowth.

55

D--038369
D-038370



8.4, S^MPLES C~LLECTL=D
BETt~E~’N ,,,1ULY 12

C         C
^NO NJB.1ST 2, iS"/8

8.3 SS

oc

P.UOUST 2..OCTOBER ! 0,, IS~’8

c s,.� c
C ~... C C$

e,2 ;C- .. C    $
C C

6u ~; CS CC
_ C-S S
E .%= c         c          c

e.e : : : : :
e 28 48 68 88

CHLOROPHYLL ,~-HICRO6R^HS/I.

I Figure 18~ Chlorophyll avs. inorganic nitrogen (NO2, NO3, and NH4) prior to (top) and after (bottom)
chlorophyll measurements reached 40 ug/L in either the ship channel (C) or Grizzlyand
Honker Bays (S}.

I
56

I
D--038370

D-038371



Orthophosphate. Typical orthophosphate concentrates measured throughout
the study are illustrated in figure 19. Orthophosphate levels were always
above phytoplankton-limiting levels throughout the study. However, the levels
were generally lower in the areas of high chlorophyll, indicating uptake by the
phytoplankton.

AGP studies and evaluations of past field data from 1968-78 indicate that
phosphorus has not limited Suisun Bay phytoplankton growth at measured levels
of algal growth. Although specific studies on orthophosphate were not conducted,
half-saturation levels are probably about 0.004 mg/L(P) based on the phosphorus-
nitrogen ratio of 1.5 to 7.0. Seldom do orthophosphate levels fall below
levels of detection (0.01 mg/L-P) even when nitrogen is limiting phytoplankton
growth. If nitrogen levels in Suisun Bay were to increase, phosphorus probably
still would not become diatom-limiting before some other factor(s) (see next
section on dissolved silica). Furthermore, phosphate is known to be stored by
phytoplankton in quantities beyond their immediate requirements (Fogg, 1965).
Suspended materials and bottom sediments also provide a vast sink for phosphorus.
As phosphorus is assimilated by the phytoplankton, equilibrium is maintained
between the water column and the sinks.

Dissolved Silica. Silica is an essential requirement for diatoms, the
predominant phytoplankters in the estuary. Dissolved silica is utilized by
diatoms in the formation of frustules (cell walls). The quantity of silica
required by diatoms varies with species. For example, Asterionella formosa
can grow in concentrations of 0.5 mg/L silica while Fragilaria crotonesis
requires as much as 25 mg/L silica for optimum growth (Round, 1965)o Although
specific studies have not been conducted on the silica requirements of endemic
diatoms in this estuary, silica depletion to the level of detection, 0.2 mg/L,
has been observed in algal growth potential studies utilizing a mixture of
diatoms. However, it is uncertain if diatom growth ceases at this level.

The chlorophyll to silica ratio has also been determined for several
diatoms commonly observed in the estuary. In one AGP study, using water from
Suisun Bay, the chlorophyll increase to silica uptake ratio was 1:40. The
dominant diatom was Skeletonema costatum. In another AGP test using water
from the western Delta, the chlorophyll to silica ratio was 1:130. The predom-
inant diatom was Melosira 9ranulata in this test. Although no specific deter-
mination has been made of the chlorophyll to silica ratio for Thalassiosira
excentricus, its frustule is much thicker than S. costatum frustule and is
similar to ~. 9ranulata.

Silica is primarily supplied to estuaries from fresh-water sources.
Dissolved silica measurements from the 4-Agency water quality monitoring
program over the last 10 years indicate that about 18 mg/L enter the estuary
upstream of the fresh-saltwater mixing zone. Peterson, et al, (1975a-b) in
their studies on the processes controlling dissolved silica in San Francisco
Bay also estimate about 18 mg/L entering the estuary from freshwater sources
and 2.0 mg/L from the ocean.

According to Peterson, et al., (1975a-b), seasonal variations in dissolved
silica within the fresh-saltwater mixing zone are primarily the result of
changes in riverflow (silica supply) and silica assimilation by diatoms.
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The theoretical concentration of dissolved silica due to seawater dilution
in our estuary is indicated on figure 20. Theoretically, if there is no utiliz-
ation of dissolved silica by diatoms, the concentration of dissolved silica in
the mixing zone decreases linearly downstream with seawater dilution (Peterson,
et al., 1975 a and b). The seawater dilution line on figure 20 was constructed
on the assumption that ocean water has 2.0 mg/L silica, fresh water 18 mg/L silica,
and there is a uniform mixing of fresh and seawater proceeding downstream.

Dissolved silica levels also are indicated in figure 20 for measurements
made near the start of our study on July 12 and 13, 1978, and near the peak
chlorophyll period in the latter part of August 1978. Dissolved silica measure-
ments were taken throughout the study to determine whether or not dissolved
silica became phytoplankton limiting.

As indicated in figure 20, dissolved silica was below the theoretical sea-
water dilution line by the time of the first measurements in July. By August
23 and 24, 1978, dissolved silica depletion from the water was on the order of
12 mg/L; i.e., at specific conductances of from 10 to 20 millimho/cm, the silica
level due only to seawater dilution should have been 15 and 13 mg/L, respectively.
Since the peak chlorophyll during this period was about 85 ug/L, the chlorophyll
to silica ratio should have been about 1:120. Similarly, in 1970 when the peak
ch!orophyll levels were 100 u~/L in Suisun Bay (the peak level so far observed
in this area), silica depletion also was estimated to be about 12 mg/L. The
ch!orophyll to silica ratio during that period would also have been about 1:120.

In conclusion, silica nearly approached phytoplankton growth limiting
levels during this study. If the 1:120 chlorophyl! to silica ratio is correct,
there should have been enough unassimilated dissolved silica (during the period
chlorophyll levels were near 80 ug/L in the 1978 study) to produce more diatoms.

Entrapment Zone Location

The primary objective of this study was to determine what effect(s) the
entrapment zone location has on the Suisun Bay phytoplankton standing crop when
the zone is centered near Honker Bay.

LOCATING THE ENTRAPMENT ZONE

The distribution of suspended and dissolved constituents in estuaries is
in constant flux as the result of fluctuations in tidal and river circulation.
The distribution of suspended materials is further influenced by the settling
and resuspension of materials which results from tidal flow and ebb, as are the
estuarine biota which also increase and decrease as a result of their growth
and death. These factors, as well as others, make it difficult to precisely
characterize the entrapment zone or its location.

In earlier studies it was concluded that the entrapment zone location is
dependent upon the magnitude and pattern of freshwater outflow and tidal
phase. The Service broadly bracketed the surface specific conductance range of
water in which suspended materials peaked as being 2-10 millimho/cm. This
approximation was based on a limited amount of data, but over a range of flow
from approximately 30 m3/s to 2,000 m3/s.
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In the current study, the entrapment zone location was observed to shift
as Delta outflow (figures 6a-d) and tide changed (figure 6e). It was observed
that as chlorophyll levels increased in the 1978 study, peak concentrations
were generally located in waters with either surface or bottom specific conduc-
tances of approximtely I0 millimho/cm.

A plot of all entrapment zone chlorophyll and specific conductance data
(primarily summer measurements, 1973-78) collected in the Suisun Bay-Western
Delta area is illustrated in figure 21. Higher chlorophyll levels, in excess
of 40 ug/L, most often occurred in waters with specific c6nductances of 5-14
millimho/cm (all depths). Chlorophyll levels in excess of 60 ug/L generally
occurred in waters with specific conductances of about 10 millimho/cm.

Examination of chlorophyll and specific conductance data collected in
1977, when the entrapment zone was upstream of Honker Bay, indicates that the
peak chlorophyll levels also generally occurred in approximately 10 millimho/cm
water. The peak chlorophyll levels, however, were much lower when the zone was
upstream of Honker Bay.

Specific conductance and chlorophyll data during bloom periods in San
Pablo Bay under high Delta outflows have not been evaluated to determine if this
relationship holds. Characteristically, there is a phytoplankton bloom in
San Pablo Bay in the late winter-early spring when the entrapment zone may be
centered near the upstream end of the bay.

In conclusion, the approximate location of the entrapment zone can be
determined through salinity measurements. Based on evaluations thus far,
peak concentrations of phytoplankton, Neomysis, certain other zooplankton
and inorganic suspended materials are generally associated with waters having
specific conductivities in the 5-14 millimho/cm range. At Delta outflows
ranging from 23 m3~s to 1,700 m3/s the peaks of the distribution seemed
to occur most often in waters with specific conductivities of approximately
10 millimho/cm. Based on a limited understanding of estuarine circulation and
data, it is suggested that the relationship changes at higher Delta outflows as
vertical gradients increase and longitudinal salinity gradients decrease, i.e.,
when the entrapment zone is downstream in Carquinez Straits or San Pablo Bay.

IMPACT ON THE PHYTOPLANKTON STANDING CROP

Earlier evaluations (Ball, 1977) of the entrapment zone location on the
phytoplankton standing crop in Suisun Bay led to the belief that maximum
chlorophyll levels most often occur when the entrapment zone is adjacent to
Honker Bay, figures la-b. The increased chlorophyl! levels during the present
study, figures 6a-e, when the entrapment zone location was centerd in Suisun
Bay by Delta outflow regulation, further supports this earlier observation.

Utilizing chlorophyll data collected at all depths in the entrapment zone
studies from 1973-78 (primarily summer measurements) chlorophyll concentra-
tions were plotted against river mile, figure 22. As illustrated in this
figure, most chlorophyll measurements in excess of 40 ug/L occurred between
river miles 34 and 48, Port Chicago to Pittsburg, (figure 3a).
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Figure ’21. -Chlorophyll a v.~.. specific conductance distribution from all
depths measured in the entrapment zone studies, 1973-1978.
(See figure 3 for location of sampling sites)



The high chlorophyll levels, figure 22, upstream of river mile 64
(upstream of Rio Vista) were measured in the drought year 1977. During this
period chlorophyll levels were at record highs throughout the eastern and
northern Delta as the result of the low riverflows. The high chlorophylls
measured upstream of Rio Vista came from these sources.

Since the entrapment zone runs were not conducted on a routine basis,
chlorophyll measurements collected in the 4-Agency routine water quality
monitoring program were evaluated for the period 1969-79.

Chlorophyll ~, pheophytin ~, and percent chlorophyll ~ measurements were
averaged by month from 1969-79 for all routine Service, DWR, and DFG sites
throughout Suisun Bay, thereby giving one average value for Suisun Bay for each
month of the year - for a 10-year period. A maximum value for Suisun Bay for
these periods was also evaluated. Monthly Suisun Bay chlorophyll ~ averages
were plotted against historical Delta outflow, figure 23. As illustrated in
figure 23, high mean Suisun Bay chlorophylls for all months from 1969-79 occur
at historical Delta outflows of approximately 140-425 m3/s (5,000-15,000
ft3/s). December and January data were not plotted because of limited
chlorophyll data during many years and the fact that chlorophyll levels were
minimal during these two months.

Further evaluation of these data included a month by month analysis for
the 10-year period, figures 24(a-c). There are, however, certain known limitations
in our evaluations. Certain of these limitations have previously been discussed.
They include:

(I) Both the Delta Outflow Index and the historical Delta outflow may not
actual outflow.represent

(2) The distribution of suspended materials is highly variable in Suisun
Bay, and data collected in the 4-Agency monitoring programs may not
necesssarily be representative of conditions. In addition, the data
collection and number of sampling sites in Suisun Bay have varied
ov4r the 10-year period. Consequently, the average monthly Suisun
Bay chlorophyll ~ levels for 1969-79 illustrated in figures 23 and 24
a-c are based on data from as little as I site per month to as many
as 46 sites per month. Additionally, in many months only one sampling
run was conducted, while in others, two sampling runs were conducted.

(3) While the flow represented a monthly average, sampling was conducted
at varying times. Delta outflow can change significantly within a
few weeks and may be more representative of the period following
chlorophyll sampling than before sampling.

These, as well as other factors, make it difficult to reach sound conclu-
sions on the data from the San Francisco Bay-Delta estuary.

Figures 24(a-c) were constructed in an attempt to determine differences
between years in chlorophyll levels in Suisun Bay (on a monthly basis) and to
distinguish years and months that had unusually high chlorophyll levels,
relative to Delta outflow.

D--038377
D-038378





I
I
I

~                 !

~    ÷ I
~ ~o

~ ~o. ~ I

~ I
=Z 30 +

~o +-+ + + I

~ i~ I0 + ~ + +
+~**~

0 20 40 ~0 80 100
ft~ x 10s

~ ~ooo ~;oo ~ooo
HISTORIC DELTA OUTFLOW

Figure 23. Mean monthly Suisun Bay chlorophyll _a measurements (Service, DWR, and DFG
data) v_~s. historical Delta outflows, 1969-1979 (February through November),

!

D--038379
D-038380



I
60’

50. FEI~RUARY (1969-79)

40.

÷

lO

! -(9     60.

I ..I MARCH (1969-79)

"r

! °
.~

>- 20,

I~ ’ ÷

I Z 10,

{/) ÷ ÷ ÷÷

0        I’ "1      I              I      I      I

| Z 60.

i ~; 50. APRIL (1969-79)

40.

|

I 20-

I lO ~.+7~ +7~
++72, +75 + + 74

0 I I I     I t,’    I

0 .- 40 80 120 (ft3/£) x 1000

0 1000 2000 3000 4000

HIST. DELTA OUTFLOW

I
Figure 24a. Mean monthly Suisun Bay chlorophyll ~ measurements (~rvlce, DWR, and OFG data)

...... ~. Historical Delta outflows, 1969--1979.

D--038380
[3-038381



! 60’ I

50" MAY (1969-79) I

40., |
4.

74 +                                                   I

..I 0 ’ ~ ’ ~

J 50 dUNE (1969-79) I

I
~ 40o

+

Z 10 ~ = .. I
I

4~’

20 I
+ + +74

O 20 40                  60 (ftS/~) X 10000

0 500 1000     1500 ’2000

HIST. DELTA OUTFLOW
I

I-;gure 24b. Mean monthly Suisun Bay chlorophyll a measurements (Service, DWFI, and DFGdat~)
vs. Historical Delta outflows, 1969-1979,

D~038381
D-038382



I
I
i 60

50 dULY (1969-79) SEPTEMBER (1969-79)

I ’7o +

.4.

i
j_.+

~ +/= 7t + 79÷
+

7~J+ 71 +.,~ ÷78
+’74 +79 75

÷

g. 10 ÷79 ÷
O

| =o +
’J I I I I I I I I I I

~ ~ ÷

Z A U eU ST (1969-79) 0 CTO BER (1969-79)
.~ 50

÷

i ~ 40

<I:
÷ 72 70 +

U.I 30 + 73

+ 71
/=’79

I ÷7~
7~.i’

10 75 74 =
’7"/ +7~ + 71 + + +7’7 ’7i 75 +
÷

i 0 I        I        I I I I I      , I        I I

0 5 10 15 "’)0 ")5 0 5 10 "15 "’)0 25

(frail) x 1OOO (fta/+) x 1OOO

O ’200 400 600 O "200 400 600
rn3/~

i HIST. DELTA OUTFLOW

I
Figure 24 c. Mean monthly Suisun Bay chlorophyll a measurements (Service, DWR, and DFG data)I v_~s. Historical Delta outflows, 1969-1979.

I 68

D--038382
D-038383



Table 6. Summary of results for figures 24(a-c)
Mean monthly Suisun Bay chlorophyll levels (DWR and DFG sites), 1969-79

1969-79               Years with           Delta outflow*
Chlorophyll - mg/L      above average            (m3/s)

Month Average Range chlorophyll ~ Average
(mg/L)

February 4 1-22 1976 22 140-250 198
March 4 2-14 1976 14 110-540 198
April 7 4-18 1973 18 310-930 594

1976 13 110-400 230
May 15 3-26 1970 16 140-370 280

1971 26 500-790 680
1972 15 110-230 170
1973 26 140-450 311
1974 19 450-900 650
1975 15 620-900 740
1979 15 170-540 340

June 16 4-26 1970 25 85-200 140
1971 19 420-820 590
1972 21 85-340 170
1974 19 140-650 450
1975 23 280-900 620
1979 26 85-310 110

July 20 4-35 1969 35 230-600 340
1971’ 24 230-480 340
1972 23 140-310 200
1973 33 85-140 110
1979 27 85-170 110

August 24 3-57 1969 44 230-450 310
1970 57 110-340 200
1971 24 170-510 370
1972 35 110-200 170
1973 30 110-230 140
1978 24 110-260 140

September 18 3-42 1969 22 450-570 510
1970 42 310-480 400

1972 34 170-340 260

1973 20 200-370 280
1978 23 140-370 280

October 12 3-32 1970 32 280-400 340
1972 20 230-400 280
1978 20 170-420 230

November 5 2-7 1969 7 480-600 540
1970 7 370-1,220 600
1972 5 280-1,150 600

1973 9 280-2,180 1,300
1978 6 170-310 260

*Data for years above average
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The factors evaluated have been summarized in table 6. They include
(I) the February through November 1969-79 average chlorophyll ~ levels, (2)
the range of chlorophyll levels, (3) years that had above average chlorophyll
values in a given month, and (4) the average outflow and range of outf!ows for
above-average chlorophyll years.

Certain trends are apparent from data illustrated in figures 24(a-c) and
summarized in table 6. First of all, chlorophyll levels, coincide with
annual changes in solar insolation. Chlorophyll levels were lower in the
early spring and late fall than in the summer. ~ximum day length and solar
insolation occurs in July and August, the months of highest chlorophylls.

Although some years may have been nitrogen-limiting, the minimal
chlorophyll a level years should not have been affected. Also, since nutrient
limiting conditions occur only in the entrapment zone (see discussion on
nutrients), limited data collection in past years makes it difficult to
actually determine when nutrients were limiting.

Superficially, water transparencies do not seem to be the main factor
influencing chlorophyll levels (see discussion of figure 17). As illusrated
by these data, water transparencies were generally low during years with
highest chlorophyll levels. Perhaps when the entrapment zone is in Suisun Bay,
a combination of water solar insolation, andtransparencies, day length,
Delta outflows (residence times) are partially responsible for annual and
between-year (on a monthly basis) differences in chlorophyll levels.

The primary factor evaluated was the effect of outflow (the entrapment
zone location), on years with above average monthly chlorophylls, table 6. As
indicated, the highest chlorophyll years generally occurred when Delta outflows
were in the 140-425 m3/s (5,000 to 15,000 ft3/s) range, the same outflow
range thought to be required to place the ~entrapment zone in and adjacent to
the shallows of Suisun Bay. Months that could not be explained by outflow
included April 1973, May 1971, June 1971, June 1975, and July 1969. Based on
phytoplankton identification, it is thought that all of these periods had high
chlorophylls transported into Suisun Bay from the western Delta, with the
exception of June 1975. It is uncertain what happened in that year.

In conclusion, the most significant factor evaluated which was common
to years of high chlorophyll levels appears to be the entrapment zone location.
However, it is uncertain why many periods that happened to fall within this
140-425 m3/s (5,000-15,000 ft3/s) range had relatively low chlorophylls.
Possible explanations include the data limitations previously mentioned. In
particular, past chlorophyll trends (including data presented in this report
for 1978) indicate that the levels of chlorophyll in Suisun Bay increase the
longer the entrapment zone "remains near Honker Bay (until some other factor
becomes phytoplankton-limiting). Further evaluations in the future may provide
some insight into how the length of time the entrapment zone is in and adjacent
to the shallow embayments influences chlorophyll levels.

PHYTOPLANKTON SETTLING RATES

The results of the present study, strongly support the earlier observations
that the entrapment zone location is a significant factor regulating ch!orophyll
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levels in the Western Delta - Suisun Bay area. Although specific studies have
not as yet been conducted as to the controlling mechanisms, several hypotheses
were presented in earlier publications (Arthur and Ball, 1978; 1979a and b).

It was suggested, among other things, that decreased upward vertical
velocities downstream of the null zone possibly in combination with increased
settling rates (resulting from flocculation-aggregation at the salt-freshwater
interface) resulted in suspended materials, including phytoplankton, settling
into the bottom-upstream flowing layer to the null zone, where they accumulate.
There is indirect evidence suggesting the settling rates of phytoplankton are
an important factor in determining their dominance in the study area.

In the present study, 41 genera of phytoplankters were identified from
the study area. Of these, only one, Thalassiosira excentricus, significantly
increased in numbers during the study. This organism has usually been dominant
in the area in other years. Furthermore, in algal growth potential studies
conducted in the laboratory using water from Suisun Bay and inoculating with
smal! concentrations of endemic organisms, other organisms always became
dominant, although~, excentricus was often the dominant organism in the
field. The question becomes one of determining what factor(s) regulate phyto-
plankton dominance in the field. It is theorized that the specific settling
rate is a significant factor in determining phytoplankton dominance in the
field.

Using data supplied by the Service, Hydroscience, Inc. (O’Conner and
Lung, 1977) calculated the theoretical net vertical velocities for the study
area. Maximum net upward vertical velocities were about 3°4-3.7 m/day (11 to
12 feet/day) when the Delta outflow was about 370 m3/s (13,000 ft3/s),
figure 25. The calculated net vertical velocities increase in intensity with
distance from the approximate area of the null zone downstream to the lower
limits of the entrapment zone. The vertical velocities then decline with
distance downstream to the ocean.

The settling and resuspension rates of suspended materials is an fmportant
element in Hydroscience’s phytoplankton model of Suisun Bay. Thus far, they
have used settling rates of 2.4-3oi m/day (8-10 feet/day) obtained through
literature searches. These data are very limited.

The 4-Agencies have conducted limited settling rate studies in the Bay-
Delta estuary (unpublished Service reports). In summary, early studies
(water collected in Suisun Bay at several depths was pumped into standard
settling chambers) indicated very slow settling rates 0.6-1.8 m/day (2 to 6
ft/day). Ray Krone (personal communications) rightfully pointed out that any
major disruption of aggregated particles (such as pumping) would break up the
aggregates and decrease the average settling rates of the suspended materials.
Later tests, utilizing an in situ settling chamber of his design, indicated
that aggregation-settling does occur ad the salt-freshwater interface and that
suspended materials settling rates were greater than the 2.4-3.1 m/day (8-10
ft/day). However, it was also found that some disturbance occurred in these
settling chambers as a result of thermal circulation. Consequently, attempts
are being made to improve the methods.
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Some initial studies were conducted in 1978 to develop a rapid method to
measure dominant summer phytoplankton settling rates using relatively undisturbed
water samples in the field. Six-inch-long tubes were slowly filled with water,
and the accumulation of cells in the bottom was measured. The study was conducted
during peak summer blooms with the dominant phytoplankter (over 90 percent by
number) being the diatom ~. excentricus. Settling rates were in the range of
2.4-4.6 m/day (8-15 ft/day) for these initial tests (earlier reported in the
3.7-4.6 m/day - 12 to 15 ft/day range by Arthur and Ball, 1978). Additional
measurements to better qualify the settling rates under varying temperature and
salinity are required and are a direction of future Four-Agency studies.

Although the accuracy of the settling rates and the net vertical veloci-
ties has not yet been established, it is interesting to note that the average
settling rates measured were about equal to the estimated theoretical maximum
upward vertical velocities, figure 25. If these calculated rates approximate
actual conditions, then the machanisms responsible for the characteristic
distribution patterns of chlorophyll and the dominant phytoplankters in this
area of the estuary can be conceptualized as follows° As various genera of
phytoplankters are transported downstream of the entrapment zone in the surface
waters to the salt-freshwater interface where flocculation-aggregation occurs,
the net vertical velocities of certain species, such as T. excentricus, become
less than their settling rate. Other phytoplankters with lower settling rates
are transported downstream and out of the area in the surface flow.

Consequently, organisms (and other suspended materials) with high settling
rates tend to settle into the lower layer and are carried upstream. Upstream
they encounter the area of greatest vertical velocities where they tend to move
up in the water column and concentrate in the surface waters (figure 2). This
circular path increases the residence time of the phytoplankton over that of
the water. Also, the phytoplankters that tend to be carried in the !ower layer
upstream beyond the maximum vertical velocities (be it by chance or that their
settling rates are greater than the maximum vertical velocities) enter the null
zone (area of reduced velocities) and concentrate in numbers near the bottom.

Furthermore, it is theorized that if this form of entrapment occurs in and
adjacent to large shallow bays, where the photic zone represents a greater
percentage of the water column than in deep channels, then the daily average
algal growth rate is enhanced in the shallows al!owing the maximum algal
standing crop to develop until some other factor limits growth. As a result of
tidal exchange between the shallows and the channel, the phytoplankton that
grow in the shallows also accumulate in the channels.

Theoretically, phytoplankton which develop either several miles upstream
or downstream of the entrapment zone can be transported to and concentrate in
the zone if their settling rates are sufficiently high. However, insufficient
species identification data were collected in the past to adequately illustrate
the theorized transport and concentration of certain phytoplankters.

An example of downstream transport into the entrapment zone appears to
have occurred during the summer of 1969. Extremely high outflows persisted
until June in 1969. High levels of phytoplankton (based on chlorophyll measure-
ments) were observed in the southern, ocentral, and western Delta during the
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summer months. In fact, the highest chlorophyll measurements so far recorded
in the western and central Delta for the months of July and August were
measured in 1969. Algal identification data were very limited both temporally
and spatially but extended from the western Delta to Martinez. Organisms of
the genus C~clotella dominated from the western and central Delta areas to
Chipps Island, figure 26. Organisms of the genus Thalassiosira (presumably the
same species that dominated throughout ~978) increased greatly in the area of
Grizzly Bay, suggesting the same developmental pattern as occurred in 1978. In
1969, the area of high chlorophyll concentration was spread over a larger area
than the bloom of 1978. As a result of downstream transport, the area of high
phytoplankton standing crop throughout the Suisun Bay area in 1969 appears to
have had an extended spatial range over what is believed normally would have
occurred if the total phytoplankton standing crop had developed in the Suisun
Bay area as it did in 1978.

Example of phytoplankton being transported upstream from where they
developed to the entrapment zone is suggested in the 1979 data (as the zone
moved upstream of Honker Bay during August). Another example occurred in March
1974 as the zone moved upstream from San Pablo Bay. However, in both cases
insufficient species data were collected to fully illustrate the transport and
concentration of phytoplankton in the zone.,In conclusion, if more definitive data is required on the entrapment zone,
then more emphasis must be placed on collecting adequate phytoplankton species
data to account for origins of growth, development, changes, and transport of
the dominant species. This must be done to fully understand the mechanisms
controlling the phytoplankton standing crop and to be able to produce an
adequate phytoplankton model to make predictions of the standing crop levels
under varying conditions of Delta outflow, etc.
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SUMMARY AND ENVIRONMENTAL IMPLICATIONS

The cause-effect mechanisms regulating the level of the phytoplankton
standing crop in Suisun Bay are not fully understood; however, evaluations
thus far indicate that the location of the entrapment zone near the upstream
edge of large, shallow bays stimulates the accumulation of a large phytoplankton
standing crop for the entire area. Apparently, the longer phytoplankton
residence time created by the entrapment combined with the large surfacezone,
area, and the phytoplankton occupying the photic zone for a greater percentage
of time in shallow water than in deep channels, provides a sufficiently high
phytoplankton growth rate and retention in the area for a large standing crop
to develop. The concentration of phytoplankton that develops in the shallow
areas is in turn regulated by other phytoplankton growth controlling factors,
such as water temperature, nutrient levels, water transparencies, zooplankton
grazing, sufficient time for growth, etc.

When the e~trapment zone is confined only to river channels (i.e.,
upstream of the bays), the surface area is relatively small and the average
depth for the area is greater. Top to bottom mixing is also less. As a
result, the photic zone constitutes a smaller percentage of the water column.
Under such conditions, the phytoplankton spend less average time in the photic
zone. The respiration rate may exceed the production rate, and the net produc-
tion rate in the area of entrapment could be reduced to zero or l~ss even
though a sizeable standing crop is transported there and accumulates from
growth in distant shallows.-

Although there is no such thing as a "typical" year in the San Francisco
Bay-Delta estuary, there appears to be some general trends from year to year.
In summary, it is thought that during periods of high winter outflow the
entrapment zone is pushed downstream of Suisun Bay. Data from San Pablo Bay in
the last 3 years (Four-Agency and USGS) indicate that there have been late
winter to spring phytoplankton blooms when the entrapment zone was in the
upstream.end of the bay, and that the intensity of the blooms was nearly equal
to those observed in. Suisun Bay (DWR, personal communications).

As Delta outflows decrease later in the year, the entrapment zone moves
upstream into the deeper, narrow confines of Carquinez Strait. Although
measurements in Carquinez Strait during the period of decreasing Delta outflow

the measurements have indicated that surfaceare sparse, chlorophylls are
generally low. Perhaps the high downstream surface velocities, combined with
the deep channel area (over 30 meters) with a limited photic zone, prevent
high surface chlorophyll concentrations. However, very little is known about
the upstream phytoplankton transport in the bottom layer from San Pablo Bay.

Chlorophyll data evaluated so far suggest that chlorophyll levels first
start to increase in the shallows of Grizzly Bay as the entrapment zone moves
into Suisun Bay. As Delta outflows further decrease (140-230 m3/s), the
highest chlorophyll levels generally occur when the entrapment zone is tidally
centered in the upstream end of Suisun Bay adjacent to Honker Bay. It is
thought that the highest chlorophyll levels occur when the entrapment zone is
in this area because entrapment occurs in and downstream of the null zone,
i.e., phytoplankton are entrapped in both Grizzly and Honker Bays. When the
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entrapment zone is downstream, in and adjacent to Grizzly Bay, only the phyto-
plankton in Grizzly Bay are entrapped. Indications are that the longer the
entrapment zone remains in the vicinity of the shallow bays, the greater is the
potential for a large phytoplankton standing crop.

At lower Delta outflows (<113 m3/s), the entrapment zone is located
upstream in the deeper channels of the Sacramento and San Joaquin Rivers.
Although chlorophyll peaks occur in the channels, a large phytoplankton standing
crop apparently does not develop in these areas because phytoplankton are not
in the photic zone for enough time.

It is uncertain what flows are required for the entrapment zone to be
centered at the upstream edge of San Pablo Bay and if the relationships observed
in Suisun Bay are the same for there. Also, because the entrapment zone moves
tidally and there is a high degree of variability throughout Suisun Bay resul-
ting from complex circulation, sufficient sampling is necessary to fully
understand temporal and spatial changes in water quality parameters and the
biota.

When a large phytoplankton standing crop occurs, nitrogen is often depleted
to growth-limiting levels for phytoplankton in the area of peak chlorophyll
concentration. Evaluations also indicate that dissolved silica is often nearly
depleted during periods of peak phytoplankton growth. Although the current
understanding of zooplankton grazing on phytoplankton growth rates and levels
is limited, they undoubtedly have some effect on the phytoplankton standing
crop.

Dissolved Oxygen

Certain phytoplankton are desirable in estuaries in that they form the
base of the food web and produce oxygen via photosynthesis. They become
undesirable if they reach concentrations high enough to cause aesthetic prob-
lems, clog filters on water intakes, produce toxins (in cases of undesirable
form), and/or result in dissolved oxygen (DO) depletion. Oxygen depletion can
occur if algae die and decompose causing a demand for oxygen.

Oxygen depletion and certain other undesirable results of high phyto-
plankton growth have often been observed in the southern Delta and in some
peripheral sloughs in the eastern Delta (USBR, 1974). Oxygen depletion has
also been observed in the extreme southern end of South San Francisco Bay as
the result of waste discharges (John Conomos, personal communications). Other
isolated cases have occasionally been observed in other parts of the San
Francisco Bay-Delta estuary and Suisun Marsh.

Based on Four-Agency monitoring and the literature (DFG and DWR, 1972),
oxygen depletion has not been measured throughout the study area (at chloro-
phyll levels up to 100 ug/L), nor in any of the main embayments throughout San
Francisco Bay. It is thought that tidal, wind, and river circulation are great
enough to maintain adequate dissolved oxygen levels in the area (Arthur and
Ball, 1978).
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In the present study, surface and bottom measurements of DO were taken
in special early morning runs and at each site on every regular run. DO
percent saturation levels were corrected for salinity and temperature.

In summary, DO levels during the study were always above 7.0 mg/L and
near above saturation levels. Figures 27(a-c) illustrate the typical dis-or
solved oxygen saturation levels observed in 1978 during a period of high phyto-
plankton standing crop, as compared to similar periods in 1976 and 1977 when
there was little phytoplankton growth. The data from August 1976 and all of
1977 typify base dissolved oxygen levels with minimal DO phytoplankton production
throughout Suisun Bay.

Chlorophyll ~ during August of 1976 and the ship channellevels 1977 in
(and shallows) were below 10 ug/L, figure 27a. Chlorophyll a levels during
these periods were slightly higher on the surface than near the bottom and
showed a slight peak near river mile 40, Honker Bay, and upstream.

Percent DO saturation levels, figure 27a, in August of 1976 and 1977
were higher on the surface than near the bottom. Peak levels also occurred
about river mile 40. Saturation levels of 80 to 95 percent DO saturation
during these periods probably represent near-baseline conditions for Suisun
Bay, since there were minimal phytoplankton standing crops. Peak levels
observed may have resulted from either phytoplankton DO production and/or the
effects of wind mixing of the shallow bays and exchange with the channel.

The August 1976 and 1977 data presented in figure 27a were collected on
high slack tide runs in the early afternoon, when phytoplankton DO production
would be at a maximum. These data were compared to August 1978, a period when
chlorophyll ~ levels were high, figure 27b. The August 1978 data were further
compared for an early morning run (6:50 a.m. to 9:50 a.m.) after a long period
of no phytoplankton production, to a late afternoon run (2:00 p.m. to 3:30
p.m.) when oxygen production would be maximum.

In 1978 measured chlorophyll ~ levels varied from a morning peak of about
70 ug/L to an afternoon peak of about 55 ug/L in the ship channel. The morning
run was conducted on a high slack tide while the afternoon run was on a low
slack tide. Chlorophyll peaks on both runs occurred at about river mile 40,
Honker Bay. The surface to bottom chlorophyll a levels in the morning were
slight, while the surface levels in the afternoon were considerably higher
than the levels near the bottom. Generally, the percent DO saturation levels,
figure 27b, followed the chlorophyll ~ trends, being higher on the surface
than near the bottom. However, the peak levels for both runs occurred approximately
5 miles downstream from the chlorophyll ~ peaks.

In 1978 the percent DO saturation levels in the early morning run ranged
from about 90 to slightly over 100 percent saturation, which was higher than
observed in the 1976 and 1977 afternoon runs, figure 27a.

The percent DO saturation levels in the August 1978 afternoon run, at the
surface were as high as 127 percent. The bottom levels remained at about
the same level as the morning run.
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Figure 27a~ 1 meter and 1 meter off bottom chlorophylls and DO percent saturation levels in the ship channel of
Suisun Bay during August of 1976 and 1977, illustrating levels during periods of low phytoplankton
standing crop.
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Figure 27 bo Surface and bottom chlorophylls and DO percent saturation levels in the shiD channel of Suisun Bay on

August 23, 1978, illustrating differences between morning and afternoon percent saturation levels.
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Figure 27c~ 1 meter and 1 meter off bottom chlorophyll and DO percent saturation levels in Grizzly ~nd Honker Bays on
August 23 and 24= 1978~ illustrating differences between morning and afternoon percent saturation levels~
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In an attempt to explain why the percent DO saturation levels in August
1978 occurred downstream of the chlorophyll ~ peaks, an early morning run, 6:30
a.m. to 8:15 a.m., and an afternoon run, 1:00 p.m. to 1:45 p.m., were plotted
for the shallows of Grizzly and Honker Bays. The morning run was conducted on
a greater flood tide (August 24), and the afternoon run was conducted on a
high-low slack tide (August 23), figure 27c.

The chlorophyll ~ peak in the morning run was 74 ug/L, and in the after-
noon run, 67 ug/L. The percent DO saturation levels in the morning ranged from
90 to 103 percent. Surface levels were slightly higher than bottom levels at
deeper sites. In the afternoon run, the percent DO saturation levels were
generally above 100 percent on the surface and near the bottom.

The high DO saturation levels downstream of the peak chlorophyll a levels
in the ship channel may have resulted partially from circulation of high DO
waters from the shallows into the channel. These high levels also may have
resulted from the effects of two-layered flow increasing the net vertical water
velocities and thereby retaining the algae near the surface. Examination of
figure 27b indicates DO saturation levels are generally low upstream of the
surface chlorophyll ~ peaks, peaked downstream in the surface waters, then
rapidly declined. A fuller understanding of circulation appears essential to
evaluating these relationships.

In conclusion, the DO measurements during the study agree with previous
observations (DFG and DWR, 1972) that the current level of eutrophication does
not appear to result in dissolved oxygen depletion. However, it should be noted
that the study was terminated when the phytoplankton standing crop on the surface
was still relatively high. Low DO levels, if they occur, would follow the phyto-
plankton decline on the surface and be lowest near the bottom in the entrapment

the of the bloom decline would also bezone. Theoretically, timing important.
A decline early in the fall when temperatures are still high might result in
lower DO’s than a decline later in the fall when temperatures are lower.

Aesthetics

Diatoms are the predominant phytoplankters in the Suisun Bay-Western Delta
area. There are apparently few aesthetic problems associated with diatoms.
Diatoms are also known to be a food source for zooplankton.

Future Conditions

Although it is impossible to predict estuarine conditions in the future, the
State Water Resources Control Board (SWRCB) has set some interim minimal Delta
outflow standards for the year 2000 (Decision 1485) for critical, wet, and average
precipitation years. The SWRCB outflow criteria requi@e certain monthly total
dissolved solids (TDS) levels at Chipps Island be maintained. These standards
can be renegotiated as more information becomes available in the future.

Figure 28 was constructed based on these criteria and on the assumption
that a large phytoplankton standing crop in Suisun Bay is dependent upon the
entrapment zone being located approximately adjacent to Honker Bay. These
figures do not project the levels of the phytoplanktoh standing crop which
is dependent upon other growth variables. The 6 ppt tota! dissolved solid
(TDS) line (specific conductance of 10 millimho/cm) at Chipps Island is indi-
cated on these figures to illustrate the theoretical optimal location of the
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Projected water quality at Chipps Island for the year 2020
to meet D1Z185 in a critical, wet, and average year.
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~ Projected water quality at Chipps Island for the year 2020
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¯ Figure 28. Projections of potential months of low phytoplankton standing crops in Suisun
Bay under d.ifferent water quality standards in the year 2020~ At TDS levels
of approximately 6 p/t and above, the entrapment zone would be upstream of
Collinsville, and the phytoplankton standing crop in the Suisun Bay area
would be low.
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entrapment zone as related to salinity intrusion, necessary for a maximum
phytoplankton standing crop to develop. As illustrated, low flows (<140 m3/s)
would result in a low phytoplankton standing crop in Suisun Bay.

Federal and State Water Projects

Planned development of the Federal and State water projects could sub-
stantially alter the phytoplankton standing crop in Suisun Bay (as well as
downstream) in two ways. First of all, if increased export results in a
corresponding decrease in Delta outflows below 113 m3/s (4,000 ft3/s), the
phytoplankton standing crop in Suisun Bay will most likely decrease as the
entrapment zone becomes located upstream. Secondly, the discharge of subsurface
agricultural drainage water into Suisun Bay with an average discharge of 9 m3/s
(300 ft3/s), nitrate-nitrogen of 30 mg/L, and a dissoived silica level of 30

mg/L should increase the phytoplankton standing crop if Delta outflows are
sufficient to maintain the entrapment zone in its optimal location for
phytoplankton production.

The current level of eutrophication (10 year chlorophyll maximum for
Suisun Bay is 100 ug/L) does not appear to be detrimental to the estuary.
Significantly, the major concern is not that there will be too high a phyto-
plankton standing crop with reduced Delta outflows, but that the phytoplankton
standing crop along with total estuarine productivity might be reduced in the
future. The key factor is to determine what levels of phytoplankton are
desirable in the food web, ice., would 150, 200, or 300 ug/L chlorophyll ~,
for example, enhance or be detrimental to the estuarine environment? Although
the interagency studies over the past 10 years have dealt primarily with
gathering and evaluating data for individual organisms in the food web, i.e.,
phytoplankton, zooplankton, and fish, much more needs to be understood of the
dependency of one organism on another. This should be a major objective of
future studies.

Ship Channel Deepening

Current plans by the Army Corps of Engineers call for channel deepening
in the Sacramento and San Joaquin ship channel. Based on the present under-
standing of phytoplankton dynamics, the deepening would result in the upstream
movement of the entrapment zone (if other conditions were maintained), and a
possible reduction in the phytoplankton standing crop if the zone were moved
upstream into deeper channels. Also, greater Delta outflows might be required
to maintain the zone in Suisun Bay.

Other

There are numerous other unanswered questions. Some of these are:

I. Is maximization of the phytoplankton standing crops a beneficial
use of water? If so, what is it’s worth compared to other beneficial
uses?

2. How much do diversions and discharges in the area of the entrapment
zone affect the biota?
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Since nutrient levels often limit the maximum phytoplankton standing
crop in Suisun Bay, should the current restrictions on discharging                      I

nutrients to the are~ be reconsidered? Does the same apply to
sediment discharges?

Undoubtedly, there are other areas of "concern" that have not been                      I

considered.
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